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ABSTRACT
B a c te r io p h a g e s  l y t i c  f o r  th e  m arin e  b a c te r iu m  B eneckea 
n a t r l e g e n s  w ere I s o l a t e d  from  s a l t  m arsh es  a lo n g  th e  
A t l a n t i c  and G u lf c o a s t s  o f  t h e  U n ited  S t a t e s .  The p h ag es  
a p p e a re d  a b u n d an t i n  th e  m a rsh es  and  w ere m o rp h o lo g ic a l ly  
d iv e r s e  in c lu d in g  r e p r e s e n t a t i v e s  o f  a l l  g ro u p s  o f  d o u b le  
s t r a n d e d  DNA p h a g e s . The m orphology and  p h y s ic a l  c h a r a c t e r s  
o f  th e  p h ag es  w ere s im i l a r  t o  n o n -m a rin e  p h a g e s , h o w ev er, th e  
p h ag es  w ere l im i t e d  to  m a rin e  w a te r s  and  had a  s a l i n i t y -  
d e p e n d e n t d i s t r i b u t i o n  in  th e  York R iv e r  e s tu a r y ,  V i r g in i a .
S tudy  o f  two p h a g e s , h o s t - s p e c i f i c  f o r  B. n a t r l e g e n s . 
showed t h a t  m o n o v alen t c a t i o n s  w ere r e q u i r e d  f o r  a d s o r p t io n  
o f  o n ly  one phage b u t  o n e - s te p  g ro w th  s tu d i e s  showed t h a t  
r e p l i c a t i o n  o f  b o th  p h ag es  v a r i e d  w ith  th e  NaCl l e v e l  in  th e  
medium. The p h ag es  had N a C l- s p e c i f ic  r e q u ir e m e n ts  a p p a r e n t ly  
f o r  p r o t e in  s y n th e s i s j  y e t  each  phage had  a  d i f f e r e n t  NaCl 
optimum f o r  r e p l i c a t i o n .  The BNl, g ro u p  A p h ag e , had i t s  
optimum a t  0.25M NaCl (same a s  h o s t )  and  was b e t t e r  a b le  to  
r e p l i c a t e  a t  NaCl l e v e l s  o f  h ig h e r  s a l i n i t y  w a te r s  (1 9 -3 5  o /o o ) .  
The BN6, g ro u p  C phage had  i t s  optimum a t  0.16M NaCl and  was 
b e t t e r  a b le  t o  r e p l i c a t e  a t  NaCl l e v e l s  o f  lo w er s a l i n i t y  
w a te r s  (4 -1 8  0/ 0 0 ) .  U l t r a s t r u c t u r a l  s tu d i e s  o o n firm ed  th e  
N aC l-d ep en d en t phage r e p l i c a t i o n  and  in  h y p o to n io  s o lu t io n s  
showed t h a t  t h e  h o s t  c e l l s  w ere p la sm o ly z e d . B eneckea 
phage m o rp h o g e n esis  re se m b le d  t h a t  o f  s im i l a r  p h ages o f  
n o n -m a rin e  b a c t e r i a .  BNl phage m o rp h o g en esis  p a r a l l e l e d  t h a t  
o f  c o l ip h a g e  T4 w i th  t a u - l i k e  p a r t i c l e s  p r e s e n t  and  in v o lv em en t 
o f  th e  c e l l  membrane in  phage a s se m b ly . BN6 phage m o rp h o g e n esis  
re se m b le d  t h a t  o f  S a lm o n e lla  phage P22 show ing c o r e - c o n ta in in g  
p ro h e a d s  p r i o r  to  fo rm a tio n  o f  D N A -fllled  h e a d s . A u n iq u e  
f e a t u r e  o f  BN6 r e p l i c a t i o n  was th e  fo rm a tio n  o f  p h a g e - in d u c e d  
p r o t e in  c r y s t a l s .  The B eneokea p h a g e -h o s t  sy stem  was 
f a c u l t a t i v e l y  a n a e r o b ic .  The BNl phage r e p l i c a t e d  n e a r ly  a s  
w e l l  a n a e r o b ic a l ly  a s  a e r o b i c a l l y  b u t  BN6 phage p ro d u c t io n  
was d r a s t i c a l l y  re d u c e d  a n a e r o b i c a l l y .  The p h y s io lo g ic a l  
p r o p e r t i e s  o f  th e  h o s t  c e l l  w ere m o d if ie d  by phage i n f e c t io n  
and  each  ty p e  o f  p h a g e - in f e c te d  c e l l  was u n iq u e  w ith  p h y s io lo ­
g i c a l l y  d i s t i n c t  c h a r a c t e r i s t i c s .  Phage p ro d u c t io n  was 
g r e a t e s t  a t  27 C b u t  was d r a m a t ic a l ly  re d u c e d  a t  17 C. The 
e f f e c t  o f  low  te m p e ra tu re  was g e n e r a l i z e d  and  d i f f e r e n c e s  
b e tw een  in f e c t e d  and  u n in f e c te d  c e l l s  w ere n o t  a p p a r e n t .  In  
t h e  e s tu a r y  te m p e ra tu re  d e c re a s e d  t o  4  C so  th e  p h a g e -h o s t  
sy s tem  w ould be r e l a t i v e l y  i n a c t i v e  in  w in te r .
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In  t h e  f i e l d  a  n a t u r a l  p ro c e s s  o f  phage i n a c t i v a t i o n  
was o b se rv e d  and  phage p re s e n c e  r e q u i r e d  c o n tin u e d  r e p l i ­
c a t i o n .  The p h ag es  w ere t h e r e f o r e  l im i t e d  t o  w a te r s  w here 
t h e i r  h o s t  was p r e s e n t .  The p h ag es  w ere m ore t o l e r a n t  o f  
p h y s ic a l  c o n d i t io n s  th a n  t h e i r  h o s t  and  w ere l i m i t e d  to  
m a rin e  w a te r s  by th e  Na+ r e q u ire m e n t o f  B. n a t r l e g e n s . 
However, w i th in  th e  r a n g e  o f  th e  h o s t ,  phage d i s t r i b u t i o n  
was in f lu e n c e d  by th e  c h a r a c t e r i s t i c s  o f  th e  two ty p e s  o f  
p h a g e - in f e c te d  c e l l s .
The Beneokea p h a g e -h o s t  sy stem  by v i r t u e  o f  i t s  NaCl 
o p tim a  a t  e s tu a r l n e  r a t h e r  th a n  o c e a n ic  l e v e l s ,  i t s  te m p e r­
a t u r e  optimum a t  l e v e l s  o f  s h a llo w  m arin e  w a te r s ,  and  i t s  
f a c u l t a t i v e l y  a n a e ro b ic  n a t u r e ,  was w e l l  s u i t e d  t o  th e  
c o a s t a l  e s tu a r l n e  m arsh es  from  w hich  i t  was i s o l a t e d .
THE BIOLOGY OF MARINE BACTERIOPHAGES 
OF BENECKEA NATRIEGENS
INTRODUCTION
Our p r e s e n t  know ledge o f  b a c t e r i a l  p o p u la t io n s  o f  th e  
e s t u a r i e s  and  o c e an s  o f  th e  w orld  i s  q u i t e  l i m i t e d .  T here 
a r e  i n d i c a t i o n s  o f  l a r g e  b a c t e r i a l  p o p u la t io n s ,  e s p e c i a l l y  
in  r e g io n s  o f  h ig h  c o n c e n t r a t io n s  o f  o rg a n ic  m a t t e r ,  y e t  
l i t t l e  i s  known o f  th e  n a tu r e  o f  th e s e  b a c t e r i a ,  o r  t h e i r  
d i s t r i b u t i o n  in  th e  m a rin e  e n v iro n m e n t. L a b o ra to ry  s tu d i e s  
h ave e s t a b l i s h e d  t h a t  m a rin e  b a c t e r i a  c an  be d i s t i n g u i s h e d  
from  o th e r  b a c t e r i a  by t h e i r  s p e c i f i c  r e q u ir e m e n ts  f o r  
sodium  io n s  a t  t h e  h ig h e r  l e v e l s  t y p i c a l  o f  m a rin e  w a te r s  
(MacLeod, 19681 R e ic h e l t  and  Baumann, 197**-). R ec en t s tu d i e s  
o f  t h e  t r o p h ic  s t r u c t u r e  o f  th e  m arin e  eco sy stem  in d ic a t e  
t h a t  h e t e r o t r o p h ic  b a c t e r i a  a c t i n g  a s  p r im a ry  consum ers 
c o n v e r t  th e  v a s t  q u a n t i t i e s  o f  d i s s o lv e d  o rg a n ic  m a t te r  in  
m a rin e  w a te r s  i n t o  b a c t e r i a l  p ro to p la sm  w hich i s  th e n  
c h a n n e le d  in to  h ig h e r  t r o p h ic  l e v e l s  (Pom eroy, 1 9 7 ^ ) . A 
b e t t e r  u n d e r s ta n d in g  o f  th e s e  m a rin e  b a c t e r i a l  p o p u la t io n s  
i s  t h e r e f o r e  e s s e n t i a l  t o  o u r b a s ic  u n d e r s ta n d in g  o f  th e  
m a rin e  ec o sy s te m .
B a c te r i a l  v i r u s e s ,  by t h e i r  l y t i c  a c t i v i t y ,  m odify  
th e  s i z e  and c o m p o s itio n  o f  b a c t e r i a l  p o p u la t io n s  and  a l s o  
a l lo w  f o r  r a p id  r e l e a s e  o f  b a c t e r i a l  p ro to p la sm  in to  th e  
e n v iro n m e n t. In  a d d i t i o n ,  th e  t r a n s d u c in g  a c t i v i t y  o f  
b a c te r io p h a g e s  a l lo w s  f o r  g e n e t ic  exchange in  b a c t e r i a l
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3p o p u la t io n s  and  may t h e r e f o r e  be  Im p o r ta n t In  b a c t e r i a l  
e v o lu t io n .  V i r u s e s ,  a c t i v e  a g a i n s t  m arin e  b a c t e r i a ,  a r e  
p r e s e n t  In  th e  m arin e  en v iro n m e n t and  may p la y  an  Im p o r ta n t 
r o l e  In  b a c t e r i a l  p r o c e s s e s  o c c u r r in g  In  th e  m a rin e  ec o sy s te m . 
T h ere  h av e  b een  few  s tu d i e s  o f  m a rin e  b a c te r io p h a g e s  and 
th e y  h av e  g e n e r a l ly  b een  l im i t e d  t o  I s o l a t i o n  and  c h a r a c t e r ­
i z a t i o n  o f  th e s e  p h a g e s . L i t t l e  I s  known o f  th e  d i s t r i b u t i o n  
and  abundance  o f  m arin e  b a c te r io p h a g e s  o r o f  t h e i r  e f f e c t s  on 
m a rin e  b a c t e r i a l  p o p u la t io n s .
The p u rp o se  o f  t h i s  s tu d y  was f i r s t  t o  I s o l a t e  b a c t e r i o ­
p h ag es  o f  B eneckea n a t r l e g e n s . a  m a rin e  b a c te r iu m  w hich  h a s  
b een  s tu d ie d  e x te n s iv e ly  by o th e r  r e s e a r c h e r s ,  and  t o  d e te rm in e  
th e  d i s t r i b u t i o n  o f  th e s e  p h ag es  In  c o a s t a l  m a rin e  e n v iro n ­
m e n ts . In  th e  l a b o r a to r y  p h y s io lo g ic a l  and u l t r a s t r u c t u r a l  
s t u d i e s  w ere co n d u c te d  t o  d e te rm in e  th e  n a tu r e  o f  Baneokea 
p h a g e -h o s t  i n t e r a c t i o n s ,  p a r t i c u l a r l y  w ith  r e s p e c t  t o  th e  
e f f e c t s  o f  e n v iro n m e n ta l f a c t o r s  im p o r ta n t In  th e  m a rin e  
e n v iro n m e n t.
LITERATURE REVIEW
I .  M arine B a c te r io p h a g e s .
A number o f  b a c te r io p h a g e s ,  a c t i v e  a g a i n s t  a  v a r i e t y  
o f  b a c t e r i a l  h o s t s ,  h av e  b een  I s o l a t e d  from  v a r io u s  m a rin e  
h a b i t a t s .  Viewed In  i t s  e n t i r e t y  th e  l i t e r a t u r e  c o n c e rn in g  
m a rin e  b a c te r io p h a g e s  was d iv e r s e  in  t h a t  g e n e r a l l y  each  
s tu d y  co n c e rn e d  a  d i s t i n c t  p h a g e -h o s t  sy s te m . C om parisons 
and  i n t e g r a t i o n  o f  th e s e  v a r i e d  s tu d i e s  w ere d i f f i c u l t  and  
th e  l i t e r a t u r e  h a s  t h e r e f o r e  been  re v ie w e d  in  a  s im p le  
c h r o n o lo g ic a l  f a s h io n .
Z o b e ll  (1 9 4 6 ), In  sum m ariz ing  th e  e a r l y  m arin e  phage 
s t u d i e s ,  ln d io a te d  t h a t  b a c te r io p h a g e s  w ere p r e s e n t  in  m arin e  
w a te r s  and  t h e i r  num bers w ere g r e a t e s t  w here b a c t e r i a l  
p o p u la t io n s  w ere h i g h e s t .  K r is s  and  R ukina (1947) exam ined 
mud and  w a te r  sam ples c o l l e c t e d  from  th e  B lack  Sea and  
I s o l a t e d  p h ag es  a c t i v e  a g a i n s t  s e v e r a l  G ra m -p o s it iv e , t y p i ­
c a l l y  t e r r e s t r i a l ,  g e n e ra  su ch  a s ,  B a c i l l u s  and M lo ro co o o u s.
Sm ith  and  K ruger (195*0 I s o l a t e d  a  phage and  V ib r io  
h o s t  b a c te r iu m  from  a  mud sam ple c o l l e c t e d  In  San F ra n c is c o  
Bay. The h o s t  b a c te r iu m  grew  o p t im a l ly  In  m edia w ith  3^
NaCl and ly s e d  when p l a e d  in  d i s t i l l e d  w a te r .  The phage -  
had  a  95-100  run head  d ia m e te r ,  a  100 nm -long  t a l l .  The 
a v e ra g e  b u r s t  s i z e  ra n g e d  from  60 t o  126 p f u / o e l l .  The 
dynam ics o f  phage I n a c t i v a t i o n  a t  h ig h  te m p e ra tu re s  was
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5r e p o r t e d  in  tw o o th e r  p a p e rs  (S m ith  and  K ruger 1952 a ,  b ) .  
L y so g en ic  i s o l a t e s  o f  t h i s  same V ib r io  w ere r e p o r te d *  how ever, 
t h e  a u th o r s  d id  n o t  d e m o n s tra te  t h a t  th e  same V ib r io  phage 
th e y  d e s c r ib e d  was ly s o g e n ic .
S p en cer (1955* I9 6 0 )  u s in g  d i r e c t  and i n d i r e c t  e n r i c h ­
m ent te c h n iq u e s  I s o l a t e d  sev e n  b a c te r io p h a g e s  and  t h e i r  h o s t  
b a c t e r i a  from  w a te r  sam p les  c o l l e c t e d  10 m ile s  o f f  th e  c o a s t  
o f  S c o t la n d .  The h ig h e s t  phage t i t e r  e n c o u n te re d  was 10 
p fu /m l .  The h o s t  b a c t e r i a ,  f o r  e ach  o f  w hich  one phage was 
i s o l a t e d ,  w ere P h o to b a o te r lu m  phosphorlum  ( i s o l a t e d  from  f i s h  
i n t e s t i n e s ) ,  a  C vtophaga s p .  and  t h r e e  Pseudom onas sp p . For 
one h o s t  b a c te r iu m  o r i g i n a l l y  c o n s id e re d  a  F la v o b a c te r lu m  
b u t  l a t e r  i d e n t i f i e d  a s  C y tophaga m a r ln o f la v a  (C o lw e ll e t  a l . ,  
1966) two p h ag es  (NCMB 384 and 3 8 5 ) w ere i s o l a t e d .  In  
l a b o r a to r y  s t u d i e s ,  S p en cer (1 9 6 3 )» co n c lu d ed  t h a t  th e  p h ag e - 
i s o l a t e s  w ere m a rin e  b e c a u se  b o th  phage and h o s t  w ere i s o l a t e d  
from  n e r i t i c  w a te r s  and  th e y  w ere g e n e r a l ly  m ore h e a t - s e n s i t i v e  
th a n  t e r r e s t r i a l  p h ag es  ( i n a c t iv a t e d  betw een  5 0 -6 0  C ). The 
p h ag es  rem a in ed  a c t i v e  in  s e a w a te r  f o r  a t  l e a s t  a  m onth and  
r e q u i r e d  c a t i o n s ,  p a r t i c u l a r l y  Na+ an d  Mg^+ f o r  l y s i s  o f  
t h e i r  r e s p e c t i v e  h o s t s .
The two p h ag es  o f  C v tophaga m a r ln o f la v a  (NCMB 384 and  
3 8 5 ) w ere l a t e r  s tu d ie d  by o th e r  w o rk e rs . V a le n t in e  e t  a l .  
( 1 9 6 6 ) s tu d ie d  th e  s t r u c t u r e  o f  th e  NCMB 385  phage u s in g  
n e g a t i v e - s t a i n i n g  e l e c t r o n  m ic ro sc o p y . The phage was a  
B ra d le y  (1 9 6 7 ) g ro u p  B ty p e ,  w ith  a  60 nm d ia m e te r  head  and  
a n  u n s h e a th e d , r i g i d  8 6 -100  nm t a l l .  The phage had a
6d i s t i n c t i v e  t r i a n g u l a r  b a se  p l a t e  w hich  u n f o r tu n a t e ly  was 
n o t  w e l l  r e s o lv e d .
Chen e t  a l .  (1966) c h a r a c t e r i z e d  th e  NCMB 384 and  385
p h a g e s . The p h ag es  w ere h o s t - s p e c i f i c  f o r  C ytoohaga
mttTiwoflftVft- c o n ta in e d  d o u b le  s t r a r id e d (d s )  DNA, an d  by
s e r o l o g i c a l  a n a l y s i s  a p p e a re d  c l o s e ly  r e l a t e d .  The NCMB
384 phage had a  l a t e n t  p e r io d  o f  150 m in u te s  and  a  b u r s t
s i z e  o f  28 p f u / c e l l  w h ile  th e  NCMB 385 phage had a  l a t e n t
p e r io d  o f  180 m in u te s  and  a  b u r s t  s i z e  o f  20 p f u / c e l l .  The
p h ag es  w ere s t a b l e  a t  pH 7 .4 ,  and  w ere u n s ta b le  in  d i s t i l l e d
+ 2+w a te r  r e q u i r i n g  in o rg a n ic  io n s  ( p a r t i c u l a r l y  Na and  Mg ) 
f o r  r e t e n t i o n  o f  v i a b i l i t y .
The seq u en ce  o f  i n t r a c e l l u l a r  d ev e lo p m en t o f  NCMB 385 
phage r e p l i c a t i o n  was s tu d ie d  by V a le n t in e  and  Chapman (1 9 6 6 ). 
T h e re  w ere no I n t r a c e l l u l a r  s ig n s  o f  i n f e c t i o n  u n t i l  a b o u t 
120 mpi when em pty and  f u l l  phage h e a d s  w ere o b s e rv e d . The 
l a r g e  num ber o f  em pty h e ad s  se e n  to w ard  th e  end o f  th e  l a t e n t  
p e r io d  was c o n s id e re d  a  u n iq u e  f e a t u r e  o f  r e p l i c a t i o n  o f  t h i s  
m a rin e  p h ag e .
C haina (1965) i s o l a t e d  10 b a c t e r i a  and  b a c te r io p h a g e s  
from  w a te r  and  mud sam p les c o l l e c t e d  a t  v a r io u s  d e p th s  down 
t o  800 M in  th e  In d ia n  O cean. F iv e  I s o l a t e s  o f  Pseudom onas. 
two F la v o b a c te r lu m . two Ap.h-rnmabaoter. and  one V ib r io  w ere th e  
h o s t  g e n e ra .  The p h ag es  w ere a c t i v e  in  th e  pH ra n g e  from  7 .3  
t o  7 .9  and  w ere m ore h e a t  s t a b l e  th a n  t h e i r  h o s t .  They 
s u rv iv e d  30 m in u te s  a t  50 C b u t  w ere i n a c t i v a t e d  in  15 m in u te s  
a t  60 C, T hese p h ag es  from  t r o p i c a l  w a te r s  w ere m ore h e a t  
s t a b l e  th a n  S p e n c e r 's  (1963) N o rth  Sea I s o l a t e s .
7S e v e ra l  b a c te r io p h a g e s  a c t i v e  a g a in s t  th e  m a rin e  
b a c te r iu m  V ib r io  n a ra h a e  io ly t lo u s  have been  I s o l a t e d .
N a k a n ish i e t  a l .  (1966) I s o l a t e d  t h r e e  V. p a ra h a e m o ly tlo u s  
p h a g e s , one from  th e  f e c e s  o f  a  p a t i e n t  s u f f e r i n g  from  
fo o d  p o is o n in g ,  one from  c o a s t a l  s e a w a te r ,  and  one was 
p ro d u ced  s p o n ta n e o u s ly  from  a  c u l t u r e .  The p h ag es  w ere 
d i f f e r e n t  In  p la q u e  m o rpho logy , h o s t  r a n g e ,  phage y i e l d  and  
s e r o l o g i c a l  c h a r a c t e r .  One I s o l a t e  was q u i t e  d i f f e r e n t  In  
I t s  p h y s ic a l  c h a r a c t e r i s t i c s  and  was shown t o  be f i la m e n to u s  
In  n a t u r e .  Seven o th e r  V. p a ra h a e m o ly tle u s  p h ag es  w ere 
I s o l a t e d  by C o lw e ll e t  a l .  (1973 ) i s ix  w ere from  sewage 
sam p les  an d  one was from  se d im en t c o l l e c t e d  o f f  Cape H a t t e r a s ,  
N o rth  C a r o l in a .  The phage I s o l a t e d  from  th e  se d im e n t sam ple 
was h o s t - s p e c i f i c  f o r  V. p a ra h a e m o ly tlc u s  (S k la ro w  e t  a l ,  1 9 7 3 ). 
I t  was a  dsDNA phage w ith  a  h ead  d ia m e te r  o f  60 nm and  t a i l  
o f  110 nm x 6 nm. The t a i l  had  a  p e r i o d i c i t y  o f  6 nm and 
t a i l  f i b e r s  w ere r e p o r t e d  (S k la ro w  e t  a l .  1 9 7 3 ) . T h is  phage 
was s im i l a r  to  a  V. p a ra h a e m o ly tlo u s  phage d e s c r ib e d  by 
B aro ss  (1 9 7 2 ), In  h i s  s tu d y  in  th e  P u g e t Sound a r e a  o f 
W ash in g to n , B a ro ss  (1972) c o l l e c t e d  o v e r 100 i s o l a t e s  o f l y t i c  
and  te m p e ra te  b a c te r io p h a g e s  a c t i v e  a g a i n s t  m a rin e  v i b r i o s  
from  s h e l l f i s h  an d  s h e l l f i s h  g row ing  a r e a s .  Most phage w ere 
a c t i v e  a g a i n s t  s t r a i n s  o f  V. p a ra h a e m o ly tlo u s  and  no c o r r e l a t i o n  
was fo u n d  b e tw een  phage s u s c e p t i b i l i t y  and th e  0 o r K a n t ig e n s  
o f  t h e  v a r io u s  s t r a i n s  o f  V. p a ra h a e m o ly t lo u s . B a ro ss  (1972) 
showed t h a t  a s  w a te r  te m p e ra tu re s  In c re a s e d  th e  num ber o f  
m e s o p h ll ic  v i b r i o s  and  a l s o  th e  t i t e r s  o f  V. p a ra h a e m o ly tlc u s
8p h ag es  I n c re a s e d .  T i t e r s  a s  h ig h  a s  10^ phage/gm  o f  o y s te r  
w ere r e p o r t e d .  E v id en c e  was p r e s e n te d  t h a t  t r a n s d u c t io n  by 
p h ag es  was f a c i l i t a t e d  w i th in  o y s te r s  an d  B a ro ss  (1972) 
su g g e s te d  t h a t  g e n e t ic  exchange among m a rin e  V ib r io  p o p u la ­
t i o n s  may o c c u r  w i th in  o y s t e r s .
Jo h n so n  (1968) I s o l a t e d  a  p h a g e -V lb r io  h o s t  sy stem  
from  a  d e p th  g r e a t e r  th a n  3000 M In  th e  In d ia n  O cean. The 
phage had  a  h e x a g o n a l h ead  60 nm In  d ia m e te r  an d  a  s m a ll  
t a l l .  Two s i z e s  o f  p la q u e s  w ere fo rm ed , a p p a r e n t ly  by th e  
same p h ag e . A t lo w ered  te m p e r a tu r e s ,  t h e  phage showed In ­
c r e a s e d  a d s o r p t io n ,  g r e a t e r  l y s i s  an d  r e s i s t a n c e  t o  low  pH 
an d  th e r e f o r e  a p p e a re d  a d a p te d  t o  th e  low  te m p e ra tu re  
c o n d i t io n s  o f  th e  h a b i t a t  from  w hich  I t  was I s o l a t e d .  A 
u n iq u e  c h a r a c t e r i s t i c  o f  th e  sy stem  was th e  a p p a re n t  " s y m b io tic "  
r e p l i c a t i o n  o f  th e  phage o v e r  th e  lo g a r i th m ic  p h a se  o f  th e  
h o s t  g row th  In  w hich  th e  phage t i t e r  an d  h o s t  c e l l  num bers 
b o th  I n c re a s e d .  T h is  phenomenon was m ost p ro nounced  a t  25 C 
w h ile  a t  lo w er te m p e ra tu re s  th e  h o s t  c e l l  num bers d e c l in e d  
a s  e x p e c te d  f o r  u s u a l  l y t i c  r e p l i c a t i o n .  T h is  sy m b io tic  
r e p l i c a t i o n  was o b se rv e d  by s p e c tro p h o to m e try  a n d , u n f o r tu n a t e ly ,  
a  o n e - s te p  g row th  s tu d y  w hich  w ould h av e  q u a n t i f i e d  th e  
phenom enon, was n o t  c o n d u c te d . H ost c e l l s  In  lo g  g row th  
r e l e a s t e d  a  h e a t - l a b i l e  s u b s ta n c e  w h ich  c au se d  phage I n a c t i v a t i o n .
Welbe and  L is to n  (1968) I s o l a t e d  a  phage and  I t s  Aeromonas 
h o s t  from  a  m ud-w ater sam ple from  a  d e p th  o f  825 M on th e  
P a c i f i c  s e a  bed  o f f  th e  O regon-W ash lng ton  c o a s t .  The phage
9had  a  h e x a g o n a l h ead  53 nm In  d ia m e te r ,  a  t a l l  120 nm lo n g  
an d  a  b a s e  p l a t e  ^0  nm In  d ia m e te r .  The phage form ed p la q u e s  
be tw een  0 and  23 C w ith  maximum l y s i s  b e tw een  5 and  12 C and  
was I n a c t i v a t e d  a t  te m p e ra tu re s  ab o v e  ^5  C. P la q u e s  w ere form ed 
on s e a  w a te r  m edia an d  t o  a  l e s s e r  e x t e n t  on d i s t i l l e d  w a te r  
m ed ia  c o n ta in in g  0 .0 8 5  M NaCl and  0 .0 5  M MgCl2 . I n c r e a s e s  In  
phage t i t e r  w ere se e n  a t  h y d r o s t a t i c  p r e s s u r e s  up t o  200 
a tm o s p h e re s . T h is  p h a g e -h o s t  sy stem  was a b le  t o  f u n c t io n  a t  
c o n d i t io n s  o f  s a l i n i t y ,  te m p e ra tu re  a n d  p r e s s u r e  r e p r e s e n t a t i v e  
o f  t h e  In  s i t u  c o n d i t io n s  o f  I t s  d eep  o cean  m a rin e  h a b i t a t .
One m arin e  b a c te r io p h a g e  (PM2), b e c a u se  o f  i t s  u n iq u e  
l l p l d  c o n te n t ,  h a s  b een  s tu d ie d  e x t e n s iv e ly .  The phage and  
I t s  Pseudom onas h o s t  w ere I s o l a t e d  from  a  t e r r e s t r i a l l y  con ­
ta m in a te d  bay  o f f  th e  c o a s t  o f  C h ile  (E sp e jo  and  C a n e lo , 1968a ) .  
The p s y c h r o p h i l i c  n a tu r e  o f  th e  h o s t  and  I t s  r e q u ire m e n t  f o r  
NaCl s u g g e s te d  t h a t  I t  was in d e e d  a  m arin e  b a c te r iu m . In  
s u b se q u e n t s tu d i e s  th e  phage u l t r a s t r u c t u r e  (C o ta -B o b le s  e t  
a l . ,  1 9 6 8 ) , n u c le i c  a c id  m e tab o lism  ( F r a n k l in  e t  a l . , 1 9 6 9 ) 
an d  p h o s p h o lip id  c o n te n t  (E sp e jo  and  C a n e lo , 1968b )  w ere 
e l u c i d a t e d .  As a  r e s u l t  th e  PM2 phage was shown t o  be th e  
f i r s t  b a c te r io p h a g e  w hich  r e s e n b le d  e n v e lo p e d  a n im a l v i r u s e s .  
H a r r is o n  e t  a l .  (1971) showed e v id e n c e  t h a t  th e  m ethod o f  
e n c a p s u la t io n  o f  t h i s  phage was n o t  th e  " b u d d in g - th ro u g h - th e -  
c e ll-m e m b ra n e "  m ethod s e e n  i n  a n im a l v i r u s e s  b u t  I n s te a d  
In v o lv e d  a sse m b ly  o f  l i p i d  an d  p r o t e in  w i th in  th e  h o s t  c y to ­
p la sm . One t h i r d  o f  th e  phage l i p i d s  a r e  d e r iv e d  from  l i p i d s  
s y n th e s iz e d  p r i o r  t o  i n f e c t i o n  and  th e  re m a in in g  phage l i p i d s
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a r e  s y n th e s iz e d  a f t e r  I n f e c t i o n  (T su k ag o sh i an d  F r a n k l in ,
a  i
197**). R e c e n tly  a  Ca r e q u ire m e n t f o r  a ssem b ly  o f  th e  
PM2 phage h a s  b een  d e m o n s tra te d  (S n ip e s  e t  a l .  197^)•
S ix te e n  m a rin e  b a c te r io p h a g e s  w ere  I s o l a t e d  from  s e a  
w a te r  sam p les  c o l l e c t e d  5 m ile s  o f f  t h e  c o a s t  o f  K yushu,
Ja p a n  (H ld ak a , 1971» H ldaka an d  F u jim u ra , 1 9 7 1 ) . T h ree  
p h ag es  w ere  a c t i v e  a g a i n s t  V ib r io  h o s t s ,  f o u r  a g a in s t  
Pseudom onas h o s t s ,  two f o r  F la v o b a c te r lu m  h o s t s  and  one f o r  
a n  A ohrom obacter h o s t .  The p h ag es  w ere h o s t - s p e c i f i c  and  
v i r u l e n t  f o r  t h e i r  r e s p e c t i v e  h o s t s .  The p h ag es  w ere m orpho­
l o g i c a l l y  d iv e r s e  and  In c lu d e d  r e p r e s e n t a t i v e s  o f  a l l  th e  
dsDNA phage ty p e s  (B ra d le y , 1 9 6 7 ) . The a u th o r s  c o n c lu d e d  
t h a t  w h ile  th e  phage m orphology  was d iv e r s e  th e y  w ere n o t  
m o rp h o lo g ic a l ly  d i s t i n c t  from  n o n -m a rin e  b a c te r io p h a g e s .  In  
a  s u b se q u e n t s tu d y  H ldaka ( l9 7 2 )  s tu d i e d  th e s e  p h ag es  w ith  
r e s p e c t  t o  t h e i r  s e n s i t i v i t y  t o  h e a t ,  pH, o rg a n ic  s o lv e n ts  
and  v a r io u s  c a t i o n s .  He c o n c lu d e d  t h a t  o n ly  t h e i r  r e q u ire m e n ts  
f o r  c a t i o n s  (Na+ , Mg2+ and  Ca2 + ) c o u ld  b e  c o n s id e re d  m arin e  
p r o p e r t i e s .
K akim oto an d  N agatom l (1972) i s o l a t e d  s ix  b a c te r io p h a g e s  
from  Kinko Bay* J a p a n , Two o f  th e  h o s t  b a c t e r i a  w ere h a l o p h i l l c  
and  th e  f o u r  o th e r  h o s t  b a c t e r i a  w ere m arin e  o f  th e  g e n e ra  
Pseudom onas an d  V i b r io . The I s o l a t e s  w ere g ro u p  A and  B ty p e  
dsDNA p h ag es  (B ra d le y , 1 9 6 7 ) . The phage l a t e n t  p e r io d s  v a r i e d  
from  3 0 -5 0  m in u te s  w ith  b u r s t  s i z e s  r a n g in g  from  82-173  p f u / c e l l .
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The p h ag es  w ere m ore r e s i s t a n t  t o  v a r io u s  c o n d i t io n s  
( c h lo ro fo rm , p h e n o l,  fo rm a ld e h y d e , h e a t  and  d i l u t e d  s e a  
w a te r )  th a n  t h e i r  h o s t  b a c t e r i a ,
A hrens (1971) c o n d u c te d  an  e x c e l l e n t  e c o lo g ic a l  s tu d y  
o f  A g ro b a c te r ia  and 2 o f  31 A g ro b ao te rlu m  p h ag es  In  th e  K ie l  
Bay r e g io n  o f  t h e  B a l t i c  S e a . The r e g io n  I s  c h a r a c t e r i z e d  
b y  e x t r a o r d i n a r i l y  h ig h  num bers o f  two A g ro b a o te r la  (A. 
s t e l l u l a t u m  A18 and  A. f e rru g ln eu m  A7 an d  t h e i r  p h ag es  
(v a lu e s  ra n g e d  a s  h ig h  a s  3 6 ,5 0 0  p fu /m l)  w hich  a llo w e d  d i r e c t  
q u a n t i t a t i o n  o f  b o th  th e  p h ag es  and  t h e i r  h o s t s .  A hrens (1971) 
fo u n d  t h a t  th e  phage d i s t r i b u t i o n  was s a l i n i t y  d e p e n d e n t, 
w i th  phage num bers d e c l in in g  a t  s a l i n i t y  l e s s  th a n  8 o /o o , 
th e  lo w er l i m i t  f o r  s u r v i v a l  o f  th e  h o s t  b a c t e r i a .  In  th e  
N o rth  B a l t i c  Sea C an a l w here s a l i n i t y  d e c l in e d  from  2 1 .2  o /o o  
t o  2 .8  o /o o  th e  phage num bers showed a  c o r re s p o n d in g ly  
d ra m a tic  d e c re a s e  from  5600 p fu /m l t o  1 p fu /m l.  Phage 369t 
a c t i v e  a g a in s t  A. s t e l l u l a t u m  A18, had  a  b u r s t  s i z e  o f  35 
p f u / c e l l  and  a  l a t e n t  p e r io d  o f  210 m in u te s .  The A. fe rru g ln e u m  
A7 phage 360  p ro d u ced  120 p f u / c e l l  in  a  60 m in u te  l a t e n t  
p e r io d .  The t i t e r s  o f  b o th  p h ag es  d e c l in e d  when th e y  w ere 
a g i t a t e d  in  u n t r e a t e d  e s tu a r i n e  w a te r  a t  20 C,
S tev e n so n  and  A lb r ig h t  (1972) i s o l a t e d  a  b a c te r io p h a g e  
and  C v tophaga h o s t  c e l l  from  i n t e r t i d a l  w a te r  from  Boundary 
Ba y , B r i t i s h  C o lum bia . The h o s t  c e l l  grew  w e l l  b e tw een  5 
and  30 C and  r e q u i r e d  m arin e  s a l t s  a t  g r e a t e r  th a n  2 .5  0/ 0 0 .
A s in g l e  i s o l a t e  c a u se d  tw o p la q u e  ty p e s  and  In  n e g a t iv e ly  
s t a i n e d  p r e p a r a t io n s  p h ag es  w ith  two head  d ia m e te r s  w ere
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o b s e rv e d . How everr two d i s t i n c t  I s o l a t e s  c o u ld  n o t  be 
o b ta in e d .  The l a r g e r  phage w hich  made up a b o u t 95# o f  th e  
p r e p a r a t i o n  had a  h ead  d ia m e te r  o f  a b o u t 57 nm and f l e x i b l e  
70 -1 0 0  nm t a i l .  The t a i l  showed a  p e r i o d i c i t y  and  was 
c o n s id e re d  t o  be  u n s h e a th e d . A b a s e - p l a t e  was r e p o r t e d ly  
p r e s e n t .
Keyman e t  a l .  (197*0 I s o l a t e d  and  p a r t i a l l y  c h a r a c t e r i z e d
a  t r a n s d u c in g  b a c te r io p h a g e ,  h v -1 , a c t i v e  a g a i n s t  B aneckea
h a r v e y l . a  lu m in o u s m a rin e  b a c te r iu m . The phage was h o s t -
s p e c i f i c  f o r  f o u r  a p p a r e n t ly  i d e n t i c a l  b a c t e r i a l  i s o l a t e s .
The h v -1  p h ag e , a  g ro u p  B ty p e ,  had a  h ead  d ia m e te r  o f  70 nm
and  had  a  f l e x i b l e  t a i l  o f  220 x 12 nm. The dsDNA w eighed
55 x  10^ d a l to n s  and  had a  b o u y an t d e n s i ty  o f  1 .7 0  g /cm 3.
In  s e a  w a te r  b r o th  medium th e  l a t e n t  p e r io d  was **5 m in u te s
and  th e  b u r s t  s i z e  was 100 p f u / c e l l .  The phage r e q u i r e d
2+ 2+NaCl a s  w e l l  a s  Ca and  Mg f o r  s t a b i l i t y .  The h a l f - t i m e  
f o r  i n a c t i v a t i o n  was 18 m in u te s  a t  62 C i n d i c a t i n g  t h a t  th e  
h v -1  phage was r e l a t i v e l y  s t a b l e  a t  h ig h  te m p e r a tu r e s .  Phage 
a d s o r p t io n  was u n a f f e c te d  by io n ic  l e v e l s ,  h o w ev er, p la q u e  
f o rm a tio n  d id  n o t  o c c u r  a t  l e s s  th a n  0 .5 #  NaCl and  was p o o r a t  
l e s s  th a n  1# N aCl. B ased  on th e  u n i fo r m i ty  o f  p la q u e  m orphology 
Keynan e t  a l .  (l97**) d ed u ced  t h a t  Ca2+ and  Mg2+ w ere a l s o  
r e q u i r e d  f o r  p la q u e  fo rm a t io n .  The h v -1  phage was a  s p e c i a l i z e d  
r a t h e r  th a n  a  g e n e r a l  t r a n s d u c in g  phage a n d , phage i n f e c t i o n  
d id  n o t  e f f e c t  th e  lu m in e sc e n c e  sy stem  o f  B. h a r v e y l .
T hese v a r i e d  s tu d i e s  have c l e a r l y  e s t a b l i s h e d  t h a t  
b a c te r io p h a g e s  a r e  p r e s e n t  in  th e  m a rin e  e n v iro n m e n t. A l l
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th e  p h ag es  I s o l a t e d  to  d a te  have b een  dsDNA p h ag es  w hich  in  
m ost c h a r a c t e r i s t i c s  w ere q u i t e  d iv e r s e ,  y e t  n o t  p a r t i c u l a r l y  
d i f f e r e n t  from  phages from  o th e r  s o u r c e s .  The u n i f y in g  and 
d i s t i n c t i v e  m arin e  c h a r a c t e r i s t i c s  o f  th e s e  p h ages was t h e i r  
o c c u r re n c e  and  a b i l i t y  t o  f u n c t io n  In  th e  m a rin e  e n v iro n m e n t, 
t h e i r  s p e c i f i c i t y  f o r  m a rin e  h o s t  b a c t e r i a ,  and t h e i r  r e q u i r e ­
m en ts  f o r  h ig h e r  m a rin e  lo n lo  l e v e l s  e i t h e r  f o r  phage s t a b i l i t y  
o r  p la q u e  fo rm a t io n .
I I .  The H ost B a c te r iu m , B eneckea n a t r l e g e n s .
The h o s t  b a c te r iu m  f o r  t h i s  s tu d y  was o r i g i n a l l y  I s o l a t e d  
from  s a l t  m arsh  mud c o l l e c t e d  a t  S a p e lo  I s l a n d ,  G e o rg ia . B. 
n a t r l e g e n s  i s  a  G ra m -n e g a tiv e , f a c u l t a t i v e l y  a n a e r o b ic ,  r e d ­
sh a p e d , m a rin e  b a c te r iu m  w hich I s  m o t i l e  and  h a s  a  p o l a r  
f la g e l lu m  (Bayne 1958 , Baumann, e t  a l . ,  1 9 7 1 ) . The b a c te r iu m  
was o r i g i n a l l y  named Pseudom onas n a t r le g e n s  (Payne e t  a l . ,  
1 9 6 1 ) , th e n  r e c l a s s i f i e d  a s  V ib r io  n a t r l e g e n s  (Webb and  Payne, 
1 9 7 1 ) , b e f o re  b e in g  p la o e d  in  th e  g en u s B eneckea (Baumann 
e t  a l . ,  1 9 7 1 ). B. n a t r l e g e n s  h a s  h ig h ly  v e r s a t i l e  m e ta b o l ic  
c a p a b i l i t i e s  and  h a s  a  v e ry  r a p id  g e n e r a t io n  tim e  (M cRorle 
e t  a l . ,  1959» L o b ley  and  E agon, 196l»  Payne e t  a l . ,  1 9 6 lj  
E agon, 1962aj 1962b; Eagon and  Wang, 1962; Eagon and Cho,
1965 and Cho and  E agon, 1 9 6 ? ) . The b a c te r iu m  a l s o  p o s s e s s e s  
a  com plex r e s p i r a t o r y  sy stem  c o n ta in in g  a  v a r i e t y  o f  c y to ­
chrom es (W eston an d  K now les, 1973 and  197*0.
The m arin e  n a tu r e  o f  B. n a t r l e g e n s  l i e s  p r im a r i l y  in  
i t s  s p e c i f i c  r e q u ire m e n t f o r  Na+ a t  t y p i c a l l y  m a rin e  l e v e l s
f o r  g ro w th , u p ta k e  o f  s u b s t r a t e s  and  In d u c t io n  o f  enzym es 
(P ay n e , 1958 and  1960» Rhodes an d  P ayne , 1962j R e ic h e l t  and  
Baumann, 1 9 7 ^ ) . The minimum Na+ r e q u i r e d  f o r  g row th  I s  
0 ,0 6  M and th e  optimum v a lu e  f o r  g ro w th  i s  0 .2 5  M Na+ (P ayne , 
1 9 6 0 | Payne e t  a l . , 1 9 6 1 ). The e f f e c t s  o f  Na+ on th e  
p h y s io lo g y  o f  B. n a t r l e g e n s  have b een  s tu d ie d  in  d e t a i l  and  
th e  m a jo r e f f e c t  o f  Na+ i s  on s y n th e s i s  o f  p r o te in s  (P ayne , 
i 9601 Rhodes and  P ayne , 1962 , 1 9 6 ?a , 1967b ,  19681 Webb and 
P ayne , 1 9 7 1 ).
MATERIALS AND METHODS
I .  B a c t e r i a l  S t r a i n s .
The B eneckea n a t r l e g e n s  c u l t u r e  was o b ta in e d  from  th e  
A m erican  Type C u ltu r e  C o l l e c t io n  (#140^8) R o c k v i l l e ,  M ary land . 
B a c t e r i a l  s t r a i n s  f o r  h o s t  r a n g e  s tu d i e s  w ere k in d ly  p ro v id e d
by D r. C. V. V erm eulen  o f  th e  C o lle g e  o f  W illiam  and Mary
and  D r. R. R. C o lw e ll o f  th e  U n iv e r s i ty  o f  M ary land .
I I .  Growth M edia.
A. E s tu a r in e  w a te r  n u t r i e n t  b r o th  (EWNB)i
N u tr ie n t  b r o th  (D lfc o )  8 g
Aged e s tu a r i n e  w a te r  (EW) 1 l i t e r
( e s tu a r in e  w a te r  f o r  a l l  m edia ra n g e d  in  s a l i n i t y  from  
15-18  o /o o )
B. E s tu a r in e  w a te r  n u t r i e n t  a g a r  (EWNA)»
N u t r ie n t  a g a r  (D lfc o )  
Aged EW
23 g
1 l i t e r
C. E s tu a r in e  w a te r  o v e r la y  a g a r i
Agar (D lfc o )  
Aged EW
7 g
1 l i t e r
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D. N u t r ie n t  e s tu a r i n e  medium (NEM)i
Y east e x t r a c t  (D lfc o )  2 .5  g
P ep to n e  (D lfc o )  5 .0  g
N u t r ie n t  b r o th  (D lfc o )  1 0 .0  g
Aged EW 1 l i t e r
( t r a c e  Na+ In  n u t r i e n t s  made up In  d i s t i l l e d  w a te r  was
50  ppm m easu red  by a to m ic  a d s o r p t io n  s p e c tro p h o to m e try )
E. F our s a l t s  medium (4>S)» S a l t s  a r e  a t  l e v e l s  and  r a t i o s
o f  e s tu a r i n e  w a te r  o f  14- o /o o  (se e  S v e rd ru p  e t  a l . ,  194-2). 
NaCl 9.^-0 g
KC1 0 .2 8  g
CaCl2 • 2H2 0 0 .5 6  g
MgSOjj, • 7H2 0 4-.40 g
D i s t i l l e d  w a te r  (DW) up to  1 l i t e r
( t r a c e  Na+ In  DW was l e s s  th a n  5 ppm m easured  by a to m ic  
a d s o r p t io n  s p e c tro p h o to m e try )
The NaCl c o n c e n t r a t io n  o f  th e  4-S medium was 0 .1 6  M.
The NaCl c o n c e n t r a t io n s  w ere v a r i e d  f o r  many e x p e r im e n ts  and
th e  v a lu e s  u sed  a p p e a r  b e low . The l e v e l s  o f  th e  o th e r  Io n s
In  th e  4-S medium w ere a lw ay s  a t  th e  14- o /o o  l e v e l  I n d ic a te d  
a b o v e .
NaCl 0 .0 6 M 3 .5 g /1
0 .0 8 M 4-.7 g /1
0 .13 M 7 .6 g /1
0 .2 0 M H . 7 g /1
0 .2 5 M 14-. 6 g /1
0 .3 3 M 1 9 .3 g /1
o .* u M 24-. 0 g /1
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O sm otica  w ere ad d ed  t o  4S m edia t o  r a i s e  th e  o s m o la r l ty  to  
th e  0 , l 6  M NaCl v a lu e  (430 m l l l lo s m o le s ) p r i o r  t o  th e  DW 
volum e a d ju s tm e n t .
To 4S medium w ith  0 .0 6  M NaCl
Mannose 3 4 .1  g /1
KC1 7 .7  g /1
To 4S medium w ith  0 ,0 8  M NaCl
Mannose 2 6 .8  g /1
KC1 6 .2  g /1
F. F our s a l t s  n u t r i e n t  medium (4SN)»
Same n u t r i e n t s  a s  NEM ad d ed  to  1 l i t e r  o f  4 s  medium.
G. A n aero b ic  medium (AM)i
To 600 ml DW add  1
4 s a l t s  (0 .2 5  M NaCl) a t  p e r  l i t e r  am ounts
T r i s  (h y d ro x y -m e th y l)-am in o m eth an e  6 .0 5  g
1 M HC1 5 3 .5  ml
A d ju s t  pH t o  7 .8
Add DW up t o  1 l i t e r
Add n u t r i e n t s  a s  in  NEM
A u to c la v e  20 m in u te s
Add 5 ml o f  f i l t e r - s t e r i l i z e d  20# g lu c o s e  s o lu t i o n  
made up i n  0 .2 5  M NaCl 4S s o lu t i o n .
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I I I
A.
B.
C.
D.
E.
F.
G.
S o lu t io n s  and  B u f f e r s .
N aG l-M gC l^-T ris B u f f e r  pH 7 .0 i  
NaCl
T r i s  (H ydroxym ethy l)-am inom ethane 
MgCl2 
DW
6H2 0
8 .7 6  g
1 .2 1  g 
0 .2 0  g
up t o  1 l i t e r
D e o x y rib o n u c le a se  (DNAse) Sigma ty p e  DN-EPi 
0 .5  mg/ml N aC l-M g C ^ -T ris  B u f fe r  
R lb o n u c le a se  (RNAse) N u t r i t i o n a l  B io ch em ic a l C o ., 
c r y s t a l l i z e d  f iv e  tim e s  1
1 .0  mg/ml N aC l-M gC lg-T ris B u f fe r  
C a c o d y la te  b u f f e r  (0 .2  M)t
Sodium c a c o d y la te  (an h y d ro u s )  1 6 .0  g
DW 460 ml
A d ju s t  pH t o  7 .2  w ith  1 M HC1 
B rin g  volum e up t o  500 ml w ith  DW 
C a c o d y la te  e s tu a r i n e  w a te r  (EW) b u f f e r  1 
0 .2  M C a c o d y la te  b u f f e r  pH 7 .2  
A u to c lav ed  EW 
P r o te a s e  1
1 .5  mg/ml N aC l-M gC lg-T ris B u ffe r  
D ioxane s c i n t i l l a t i o n  f l u i d  1
n a p th a le n e  100 g
2 .5 -d lp h e n y lo x a z o le  (PPO) 5 S
D ioxane 1 l i t e r
mix in  e q u a l  
volum es
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IV. Sam ple C o l l e c t io n .
Mud sam p les  (1 -2  g ) w ere o o l l e o te d  a t  th e  b a se  o f  
S o a r t ln a  p l a n t s  in  th e  I n t e r t i d a l  zone o f  s a l t  m arsh es  u s in g  
a  m lc ro c o re r  made from  a  d i s p o s a b le  10 ml s y r in g e  w ith  I t s  
t i p  rem oved. The mud sam p les  w ere  s to r e d  on I c e  d u r in g  
t r a n s p o r t  t o  th e  l a b o r a t o r y .  As soon  a s  p o s s ib le  20 ml o f  
s t e r i l e  EW was added  t o  th e  mud sam p les  a lo n g  w ith  1 ml o f 
c h lo ro fo rm  and  th e  m ix tu re  was sh ak en  v ig o r o u s ly  and  th e n  
s to r e d  a t  4 C f o r  18-2*1- h o u rs  b e f o r e  f u r t h e r  t r e a tm e n t .
W ater sam p les  (100 m l) w ere c o l l e c t e d  In  a  s t e r i l e  b o t t l e  
and  Im m ed ia te ly  ly s e d  w ith  c h lo ro fo rm . W ater te m p e ra tu re  
was m easu red  In  s i t u  an d  a  w a te r  sam ple  was c o l l e c t e d  f o r  
s a l i n i t y  d e te r m in a t io n  w hich  was made a t  th e  l a b o r a to r y  
u s in g  a  Beckman BS?A s a l ln o m e te r .  A f te r  rem o v a l o f  c h lo ro fo rm  
by  c e n t r i f u g a t i o n  a t  4000 r  g f o r  20 m in u te s ,  th e  aq u eo u s 
l a y e r  was c o l l e c t e d  and  th e n  e n r ic h e d  by a d d i t i o n  o f  1 ml 
o f  c o n c e n t r a te d  EWNB (2x f o r  mud an d  lOx f o r  w a te r  sa m p le s )  
and  1 ml o f  a  f r e s h  s u s p e n s io n  o f B. n a t r l e g e n s  c e l l s .  The 
e n r ic h m e n t m ix tu re  was In c u b a te d  a t  27 C on a  s h a k e r  (150 rpm) 
f o r  24 h o u r s .  The m ix tu re  was th e n  ly s e d  w ith  c h lo ro fo rm , 
and  a f t e r  rem o v a l o f  th e  c h lo ro fo rm , a s s a y e d  by s p o t t i n g  on 
law n s o f  B. n a t r l e g e n s . A c tiv e  l y s a t e s  ( i . e .  p la q u e s  fo rm ed) 
w ere s to r e d  i n  s t e r i l e  v i a l s  w ith  a  few  d ro p s  o f  c h lo ro fo rm  
a t  4 C. Sam ples s to r e d  In  t h i s  m anner w ere s t i l l  a c t i v e  
a f t e r  3 y e a r s .  H igh t i t e r  phage s to c k s  w ere p re p a re d  by 
p a s s in g  a c t i v e  l y s a t e s  th o u g h  s e v e r a l  e n r ic h m e n ts  a s  d e s c r ib e d  
ab o v e  an d  th e n  c e n t r i f u g i n g  th e  r e s u l t i n g  phage s u sp e n s io n
20
a t  3 0 ,0 0 0  x  g a t  ^  C. The p e l l e t  was re su s p e n d e d  in  2 ml 
o f  N aC l-M gC lg-T ris b u f f e r  a t  pH 7 .0  and s to r e d  w ith  a  few  
d ro p s  o f  c h lo ro fo rm  a t  if C,
To o b ta in  s in g l e  phage i s o l a t e s ,  a c t i v e  l y s a t e s  w ere 
d i l u t e d  to  y i e l d  in d iv id u a l  p la q u e s  when p l a t e d  w ith  B. 
n a t r l e g e n s  c e l l s  by  th e  d o u b le - o v e r la y  m ethod (Adams, 1 9 5 9 ). 
S e v e r a l  p la q u e s  w ere p ic k e d  u s in g  a  s t e r i l e  w ire  d ip p e d  in  
JfSN (0 ,1 6  M) and  th e n  t r a n s f e r r e d  t o  f r e s h  medium and h ig h  
t i t e r  s to c k s  w ere p r e p a re d .  The r e s u l t i n g  s to c k s  w ere 
exam ined f o r  p la q u e  h o m o g en e ity  and  by e l e c t r o n  m ic ro sc o p y .
I f  n e c e s s a r y  th e  p la q u e  p ic k in g  and  e x a m in a tio n  w ere r e p e a te d  
u n t i l  a n a l y s i s  r e v e a le d  o n ly  one ty p e  o f  p h ag e .
V. Q u a n t i t a t iv e  S am p lin g .
A. C a r te r  Creek-m ud sam pling*
A m e te r  s q u a re  a r e a  a t  th e  w a te r s  edge o f  th e  S n a r t ln a  
m arsh  a t  C a r te r  C re e k , V i r g in ia  was d iv id e d  i n t o  16 s q u a re s  
o f  e q u a l a r e a  and mud sam ples w ere ta k e n  from  th e  c e n t e r  o f  
e a c h  s q u a re .  At th e  l a b o r a to r y  e a ch  sam ple was a s e p t l c a l l y  
d iv id e d  i n  h a l f  l o n g i t u d i n a l l y .  One h a l f  was e n r ic h e d  w ith  
EWNB and  B. n a t r l e g e n s  c e l l s  a s  d e s c r ib e d  a b o v e . The o th e r  
h a l f  o f  each  sam ple  was sh ak en  w ith  5 ml o f  s t e r i l e  EW and 
th e n  c e n t r i f u g e d  a t  ^ ,0 0 0  x g f o r  5 m in u te s .  The e n r ic h e d  
an d  u n e n r lc h e d  h a l f  sam p les  w ere  t e s t e d  f o r  phage p re s e n c e  by 
s p o t t i n g  on B. n a t r le g e n s  la w n s . For th e  u n e n r ic h e d  sam p les  
one ml was s p o t te d  on s e v e r a l  p l a t e s .
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B. G lo u c e s te r  P o in t  -  w a te r  sam p lin g i
W ater sam p les  o f  100 ml w ere c o l l e c t e d  In  s t e r i l e  b o t t l e s  
a t  t h e  V i r g in i a  I n s t i t u t e  o f  M arine S c ie n c e  p i e r  a t  G lo u c e s te r  
P o in t ,  V i r g in i a .  The sam p les  w ere im m e d ia te ly  ly s e d  w ith  
s e v e r a l  d ro p s  o f  c h lo ro fo rm . F iv e  1 ml a l i q u o t s  w ere a s sa y e d  
f o r  p la q u e s  by  th e  d o u b le - o v e r la y  te c h n iq u e  (Adams, 1 9 5 9 ).
F iv e  ml w ere e n r ic h e d  w ith  B. n a t r le g e n s  c e l l s  and  s e v e r a l  
d ro p s  o f  10 x  EWNB, and  a f t e r  en r ic h m e n t t e s t e d  by s p o t t i n g  
on h o s t  b a c te r iu m  It.w ns.
C. T im berneck  C reek  -  t i d a l  c y c le i
W ater sam p les  (100 m l) w ere o o l l e c t e d  a t  2 h o u r I n t e r v a l s  
d u r in g  one t i d a l  c y c le  ( s t a r t i n g  a t  low  t i d e )  a t  T im berneck  
C re ek , V i r g in i a .  The c r e e k  a t  th e  sa m p lin g  p o in t  i s  a b o u t 
2 M w ide and  s a l i n i t i e s  a r e  s t r o n g ly  in f lu e n c e d  by t i d a l  
a c t i o n .  The sam p les  w ere ly s e d  w ith  c h lo ro fo rm  and f i v e  1 
ml a l i q u o t s  w ere  a s sa y e d  f o r  p la q u e s  an d  th e  re m a in in g  95 nil 
o f  each  sam ple  was e n r ic h e d  w ith  B. n a t r le g e n s  and  10 x EWNB 
and th e n  t e s t e d  by s p o t t i n g  on h o s t  b a c te r iu m  law n s .
D. I n d ic a to r  s t r a i n s »
The aim  o f  t h i s  s tu d y  was t o  be a b le  t o  d e t e c t  a  g iv e n  
phage ( e i t h e r  BN1 o r  BN6) by u se  o f  m u tan t ( i n d i c a t o r )  B. 
n a t r le g e n s  c e l l s  s u s c e p t i b l e  t o  l y s i s  by  one b u t  n o t  th e  o th e r  
p h ag e . To o b ta in  i n d i c a t o r  s t r a i n s  law ns o f  B. n a t r l e g e n s  
w ere in o c u la te d  w ith  enough BN1 and  BN6 p h ag es  t o  c a u se  con ­
f l u e n t  l y s i s  on th e  p l a t e s .  A f te r  4-8 h o u rs  i n d iv id u a l  b a o t e r l a l  
c o lo n ie s  w ere v i s i b l e  on th e  c l e a r e d  law ns (phage r e s i s t a n t  
c e l l s ) .  Each p l a t e  c o n ta in e d  a b o u t 100 c o lo n ie s  and  f o u r
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c o lo n ie s  from  e ach  p l a t e  w ere p ic k e d  and  c u l t u r e d .  The 
r e s u l t i n g  c u l t u r e s  w ere s u s c e p t i b l e  t o  l y s i s  by o n ly  one 
o f  t h e  p h ag es  and  t h e r e f o r e  c o u ld  be u sed  a s  a n  I n d ic a to r  
f o r  t h a t  p h ag e . F o r f u r t h e r  e x p e r im e n ts  o n ly  th e  b e s t  
g ro w in g  I n d ic a to r  c u l t u r e  f o r  e a ch  phage was u s e d .
In  th e  f i e l d  mud sam p les  w ere c o l l e c t e d  In  th e  u s u a l
m anner a t  f i v e  s t a t i o n s  a lo n g  t h s  s a l i n i t y  g r a d ie n t  In  th e  
York R iv e r  E s tu a r y .  The sam p les  w ere sh ak en  w i th  1 ml o f
c h lo ro fo rm  and 10 ml o f  s t e r i l e  EW and  th e n  a llo w e d  t o  s e t t l e
a t  4 C f o r  18 h o u r s .  F o r each  sam p le , t h r e e  1 ml a l i q u o t s  
w ere a s sa y e d  w ith  each  I n d ic a to r  s t r a i n  by th e  d o u b le - o v e r la y  
te c h n iq u e .  The re m a in in g  sam ple  ( ? m l) was e n r ic h e d  w ith  
B. n a t r le g e n s  (w ild  ty p e )  an d  EWNB and  t e s t e d  f o r  phage 
p re s e n c e  by s p o t t i n g  on law ns o f  each  I n d ic a t o r  s t r a i n  a s  
w e l l  a s  th e  w ild  ty p e  B, n a t r l e g e n s .
V I. E f f e c t s  o f  NaCl C o n c e n tr a t io n .
A. Growth s tu d ie s *
F or a l l  g ro w th  e x p e r im e n ts  a  s ta n d a rd  Inoculum  from  
a  B. n a t r le g e n s  c u l t u r e  grown In  EWNB 18 h o u rs  a t  27 C on 
a  s h a k e r  a t  150 rpm was em ployed . F or h o s t g ro w th  s tu d i e s  
0 .1  ml o f  Inocu lum  was ad d ed  t o  50 ml o f  4>SN medium a t  th e  
d e s i r e d  NaCl c o n c e n t r a t io n  In  a  s t e r i l e  500 ml N ephelo  c u l t u r e  
f l a s k  (B e llo o  G la s s  I n c , )  and  th e n  In c u b a te d  a t  27 C (o r  
17 C) on a  s h a k e r  a t  150 rpm . Growth was m easu red  by  m oni­
t o r i n g  a b s o rb a n c e  a t  580 mu u s in g  a  S p e c tro n lo  20 s p e c t r o ­
p h o to m e te r .
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The a b i l i t y  o f  s in g l e  phage I s o l a t e s  t o  fo rm  p la q u e s  
was t e s t e d  a t  v a r io u s  NaCl c o n c e n t r a t io n s  u s in g  th e  d o u b le  
o v e r la y  m ethod (M am s, 1 9 5 9 ) . The 4SN medium o f  th e  d e s i r e d  
NaCl c o n c e n t r a t io n  was u sed  f o r  b a c t e r i a l  g ro w th , phage 
d i l u t i o n  and  a s  th e  a g a r  u n d e r la y e r  (2# N oble a g a r  a d d e d ) 
and  a g a r  o v e r la y e r  {0.7%  N oble a g a r  a d d e d ) .  Phage c o u n ts  
w ere made a f t e r  24 and  48 h o u rs  in c u b a t io n  a t  27 C.
The p ro c e d u re  f o r  one s te p  g row th  e x p e r im e n ts  was 
s i m i l a r  t o  th e  m ethod u sed  by K e lln  and  W arren (1 9 7 1 ). One 
ml o f  B. n a t r le g e n s  inocu lum  was added  t o  50 ml o f  4SN (0 ,1 6  M 
NaCl) medium in  a  500 ml N ephelo  f l a s k  and  grown (27 C, 150
Q
rpm ) t o  a  c o n c e n t r a t io n  o f  a b o u t 2 x 10 c e l l s / m l  (3 h o u r s ,  
a b s o rb a n c e  a t  580 mu 0 .3 5 - 0 .3 7 ) .  The c e l l s  w ere c e n t r i f u g e d ,  
th e n  w ashed w i th ,  and  r e s u s p e n d e d , in  50 ml o f  4SN medium 
o f  t h e  d e s i r e d  NaCl c o n c e n t r a t io n .  Phage w ere ad d ed  M u l t i ­
p l i c i t y  o f  i n f e c t i o n  /m o i7  . 05- 0 . 1 ) and  a llo w e d  t o  a b s o rb  
f o r  20 m in u te s  (27 C, 100 rp m ). An a l i q u o t  (a b o u t 5 m l) 
was rem oved from  th e  r e a c t i o n  m ix tu re  an d  1 .5  ml o f  th e  
a l i q u o t  was p a s se d  th ro u g h  a  0 .4 5  ;u m i l l i p o r e  f i l t e r  th e n  0 .5  
ml o f  s t e r i l e  medium was p a s se d  th ro u g h  th e  f i l t e r  t o  rem ove 
u n a d so rb e d  p h a g e . The f i l t e r  was th e n  p la c e d  in  50 m l o f  medium, 
a g i t a t e d  t o  r e s u s p e n d  th e  c e l l s  and 0 .1  ml o f  th e  re s u s p e n d e d  
c e l l s  w ere p la c e d  in  100 m l o f  s t e r i l e  medium in  a  250 m l 
E rlen m ey er f l a s k .  The f l a s k  was in c u b a te d  a t  27 C on a  sh a k e r  
a t  125 rpm and sam p les  w ere rem oved p e r i o d i c a l l y  and  p la t e d  
on EWNA p l a t e s  w ith  a n  EW a g a r  o v e r la y .  I f  n eed ed  a  seco n d  
d i l u t i o n  was made i n t o  a n o th e r  f l a s k  c o n ta in in g  100 ml o f  4SN
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medium. The u n a d so rb ed  phage w ere m o n ito re d  by t r e a t i n g  
d u p l i c a t e  sam p les  ( p r i o r  t o  ^-0 m pi) w ith  c h lo ro fo rm  b e f o re  
p l a t i n g .  In  one s e r i e s  o f  e x p e r im e n ts  th e  same p ro c e d u re s  
w ere em ployed e x c e p t t h a t  phage i n f e c t i o n  and  r e p l i c a t i o n  
w ere c o n d u c ted  a t  1? C in  ^SN medium w ith  0 .2 5  M NaCl.
B. A d so rp tio n *
Q
The b a c t e r i a  w ere grown t o  a  c o n c e n t r a t io n  o f  10 
c e l l s / m l  a s  d e s c r ib e d  f o r  th e  o n e - s te p  g row th  e x p e r im e n ts .
The c e l l s  w ere th e n  c e n t r i f u g e d  (1 0 ,0 0 0  x  g  f o r  7 m in u te s  a t  
U C) w ashed once w ith  *fSN medium o f  th e  d e s i r e d  NaCl co n cen ­
t r a t i o n ,  and  th e n  a l i q u o t s  w ere re s u s p e n d e d  in  50 ml f l a s k s  
c o n ta in in g  10 ml ^SN medium t o  g iv e  a  f i n a l  c e l l  c o n c e n t r a t io n
g
o f  a b o u t 10 c e l l s / m l .  P r io r  t o  a d d i t i o n s  o f  th e  b a c t e r i a ,  
phage had  b een  ad d ed  t o  t h e  f l a s k s  an d  sam p les  had b een  rem oved 
f o r  p la q u e  c o u n t in g .  A f te r  20 m in u te s  a t  27 C ( s h a k e r  a t  
100 rpm ) th e  c o n te n ts  o f  th e  f l a s k s  w ere c e n t r i f u g e d  (1 0 ,0 0 0  
x g 7 m in u te s )  and  th e  s u p e r n a te n ts  w ere sam pled  and  a s s a y e d  
by p l a t i n g .
F or g row th  and  a d s o r p t io n  s tu d i e s  two ty p e s  o f  o sm o tic a  
w ere em ployed t o  a d j u s t  th e  o sm o tic  p r e s s u r e  o f  th e  m ed ia . 
M annose, w hich  c o u ld  n o t  s e rv e  a s  t h e  s o le  c a rb o n  so u rc e  f o r
B. n a t r l e g e n s . was u sed  a s  th e  n e u t r a l  osm otlcum  and  KC1 was 
u se d  a s  th e  a c t i v e  osm otlcum .
V I I .  Phage S u r v iv a l .
Phage d i l u t i o n s  w ere made in  100 ml o f  th e  d e s i r e d  medium 
an d  th e n  s to r e d  a t  20 C o r  some o th e r  e x p e r im e n ta l  te m p e r a tu re .
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P e r io d i c a l l y  sam p les  w ere rem oved an d  p la q u e  a s s a y s  c o n d u c te d . 
In  th e  f r e e z i n g  s tu d y  th e  d i l u t i o n  was t i t e r e d  p r i o r  t o ,  and  
a f t e r  a  s in g l e  f r e e z e - th a w  c y c le .
V I I I .  H ost R ange.
The v a r io u s  b a c t e r i a  t e s t e d  w ere grown in  4SN (0 .1 6  M 
NaCl) medium u n t i l  enough c e l l s  w ere p r e s e n t  t o  a l lo w  law ns 
to  be  made (1 0 ? , o r  g r e a t e r ,  c e l l s / m l ) .  The p l a t e s  and  
o v e r la y s  w ere a l s o  made w ith  4-SN medium. The law ns w ere 
s p o t t e d  w ith  th e  phage I s o l a t e s  in c u b a te d  a t  27 o r  37 C and
ch eck ed  f o r  p la q u e  fo rm a tio n  a t  2k  and  **8 h o u r s .
IX. E le c t r o n  M icro sco p y .
A. T h in - s e c t io n  s tu d ie s *
To s tu d y  th e  phage r e p l i c a t i v e  c y c le s  th e  c e l l s  w ere
Q
grown t o  a  c o n c e n t r a t io n  o f  a b o u t 10 c e l l s / m l  a s  d e s c r ib e d  
f o r  th e  1 s t e p  g ro w th  c u r v e s ,  th e n  w ashed an d  re s u s p e n d e d  
in  50 ml o f  th e  d e s i r e d  4SN medium. P r io r  t o  a d d i t i o n  o f  
b a c te r io p h a g e ,  a  c o n t r o l  sam ple  (5 m l) was rem oved an d  f ix e d  
( s e e  b e lo w ) . Phage w ere ad d ed  a t  a  moi o f  5 -1 0  and  th e  c e l l s  
w ere in c u b a te d  on th e  s h a k e r  a t  27 C and  125 rpm . P e r io d i c a l l y  
5 m l sam p les  w ere rem oved and  f ix e d .
The c e l l s  w ere f ix e d  f o r  30 m in u te s  a t  room te m p e ra tu re  
in  a  1% g lu te r a ld e h y d e  s o lu t i o n  o b ta in e d  by a d d in g  5 ml o f  a
2% g lu te r a ld e h y d e  s o lu t i o n  t o  th e  c e l l  s u s p e n s io n . The 2%
g lu te r a ld e h y d e  s o l u t i o n  was p re p a re d  by a d d in g  1 .0  ml o f  a  
70#  g lu te r a ld e h y d e  s o lu t i o n  t o  35 ml o f  c a o a d y la t e - e s tu a r ln e  
w a te r  b u f f e r ,  pH 7 .2 .  A f te r  g lu te r a ld e h y d e  f i x a t i o n  th e  c e l l s
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w ere p e l l e t e d  by  c e n t r i f u g a t i o n  f o r  5 m in u te s  a t  to p  sp eed  
In  a  c l i n i c a l  c e n t r i f u g e .  S u b seq u en t w ash in g  and  p o s t - f l x a t l o n  
w ere done c a r e f u l l y  u s in g  a  P a s te u r  p i p e t t e  t o  p re v e n t  
d i s tu r b a n c e  o f  th e  p e l l e t  an d  t o  m in im ize  d ls lo d g e m e n t o f  
phage a d so rb e d  t o  th e  c e l l s  (V a le n t in e  and  Chapman, 1 9 6 6 ) .
B e fo re  e a ch  s o lu t i o n  change th e  sam p les  w ere c e n t r i f u g e d  f o r  
2 m in u te s  a t  h a l f  sp eed  t o  I n s u r e  th e  I n ta c t n e s s  o f  th e  p e l l e t .  
The c e l l s  w ere w ashed 3 t im e s  (5 , 10 and  10 m in u te s ,  room 
te m p e r a tu re )  w ith  cacad y la te -E W  b u f f e r  and  th e n  p o s t - f i x e d  
In  1# OsOjj, (e q u a l vo lum es o f  2# OsO^ w ith  cao ad y la te -E W  
b u f f e r )  f o r  3 h o u rs  a t  room te m p e r a tu r e .  A f te r  p o s t - f l x a t l o n  
th e  c e l l s  w ere w ashed once w ith  0 .1  M c a c a d y la te  b u f f e r  and  
e n ro b e d  In  2# a g a r  (made w i th  0 .1  M c a c a d y la te  b u f f e r ) .  The 
a g a r -e n ro b e d  c e l l s  w ere th e n  d e h y d ra te d  In  a  g ra d e d  a c e to n e  
s e r i e s  (k e p t o v e r n ig h t  In  70#  a c e to n e  w ith  0 . 1#  u r a n y l  n i t r a t e ) .  
The a c e to n e  ch an g es  th ro u g h  ?0# w ere done on i c e  and  th e  95# 
an d  100# c h a n g e s  w ere done a t  room te m p e r a tu re .  A f te r  d e ­
h y d r a t io n  th e  c e l l s  w ere embedded in  a n  e p o n - a r a l d i t e  m ix tu re ,  
s e c t io n e d  (LKB2 u l tra m ic ro to m e  w ith  diam ond k n i f e )  an d  s ta in e d  
w ith  2# aq u eo u s u r a n y l  a c e t a t e  and  le a d  c i t r a t e  (R ey n o ld s ,
1 9 6 3 ) , O b s e rv a t io n s  b e f o r e  and  a f t e r  s t a i n i n g  I n d ic a te d  t h a t  
no a r t i f a c t s  w ere in t ro d u c e d  by th e  p o s t  s t a i n i n g  p ro c e d u re s .
F o r OsOij. f i x a t i o n  th e  p ro c e d u re s  w ere i d e n t i c a l  e x c e p t th e  
c e l l s  w ere n o t  p r e f ix e d  in  g lu te r a ld e h y d e  b u t  w ere f ix e d  in  
1#  OsOj). ( a d d i t i o n  o f  2#  OsO^ t o  e q u a l  volum e o f  c e l l  s u s p e n s io n )  
f o r  18 h o u rs  a t  room te m p e r a tu re .
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B. C y to ch em ica l s t u d i e s «
The p ro c e d u re s  f o r  p r e p a r in g  c e l l  s u s p e n s io n s  and  i n ­
f e c t i n g  w ith  phage w ere th e  same a s  th o s e  d e s c r ib e d  a b o v e .
A s i n g l e  12 ml sam ple  was rem oved a t  70 mpi a f t e r  g row th  
i n  4SN medium w ith  0 .1 6  M NaCl and  f ix e d  f o r  1 h o u r a t  room 
te m p e ra tu re  in  a  2% g lu te r a ld e h y d e  s o lu t i o n  o b ta in e d  by 
a d d in g  12 ml o f  g lu te r a ld e h y d e  ( i n  0 .1  M caco d y la te -E W  
b u f f e r )  t o  th e  sam p le . The c e l l s  w ere p e l l e t e d  a s  b e f o re  
an d  w ashed f o r  a  t o t a l  o f  2 h o u rs  (4 , 30 m in u te  c h a n g e s )  in  
caco d y la te -E W  b u f f e r .  The c e l l s  w ere c e n t r i f u g e d  and  r e s u s ­
pended  a f t e r  e a c h  c h a n g e . They w ere th e n  e n ro b ed  in  2% 
a g a r ,  c u t  i n t o  p ie c e s  (a b o u t 1 mm^), and  l e f t  in  0 .1  M 
c a c o d y la te  b u f f e r  f o r  18 h o u rs  a t  4 C. The c e l l s  w ere th e n  
embedded i n  g ly c o l  m e th a c r y la te  u s in g  th e  m ethod o f  Leduc 
an d  B ern h a rd  (1 9 6 7 ) f o r  u l t r a s t r u c t u r a l  c y to c h e m is t ry .  T h in  
s e c t io n s  w ere c u t  and  c o l l e c t e d  on 0 .6  fo rm v a r -c o a te d  300  
m esh c o p p e r  e l e c t r o n  m ic ro sc o p e  g r id s  and  th e n  t r e a t e d  w ith  
v a r io u s  enzym es. The g r id s  w ere th e n  w ashed an d  p o s t - s t a i n e d  
w ith  u r a n y l  a c e t a t e  (2 h o u r s )  an d  l e a d  c i t r a t e  (15  m in u te s )  
p r i o r  t o  e x a m in a tio n .
C. N e g a tiv e  s t a i n i n g 1
F or n e g a t i v e l y - s t a i n e d  p r e p a r a t i o n s ,  h ig h  t i t e r  s to c k s  
o f  th e  sam ple to  b e  exam ined w ere p r e p a re d .  A s m a ll d r o p le t  
o f  th e  s to c k  was p la c e d  on 0 . 6#  fo rm v a r -c o a te d  g r i d s ,  and  
a llo w e d  t o  s e t t l e  in  a  m o is t  cham ber f o r  2 0 -3 0  m in u te s .  The 
s u s p e n s io n  was th e n  draw n o f f  w ith  f i l t e r  p a p e r  and  Im m e d ia te ly
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r e p la c e d  w ith  a  d r o p le t  o f  th e  n e g a t iv e  s t a i n  (1% aq u eo u s 
u r a n y l  a c e t a t e ,  o r  1,5%  p h o s p h o tu n g s t ic  a c i d ,  pH 7 . 2 ) .
A f te r  a b o u t  1 0 -1 5  se c o n d s  th e  s t a i n  was draw n o f f  and  th e  
g r id s  w ere exam ined Im m e d ia te ly . A l l  e x a m in a tio n s  w ere made 
u s in g  a n  HU-11B H i ta c h i  e l e c t r o n  m ic ro sc o p y  and  m a g n i f ic a t io n  
c a l c u l a t i o n s  w ere b a se d  on m ic ro sc o p e  c a l i b r a t i o n  made u s in g  
a  c a rb o n  g r a t i n g  w ith  5^*864 l i n e s  p e r  in c h  (Ladd R e se a rc h  
I n d u s t r i e s , I n c . ) .
X. A n aero b ic  S tu d ie s .
For a n a e ro b ic  g ro w th  s tu d i e s  250 ml f i l t r a t i o n  f l a s k s  
w ith  two s id e  p o r t s  (B e llc o  G la s s ,  I n c .  #2536) w ere m o d if ie d  
a s  shown i n  F ig u re  1 and  th e n  a u to c la v e d .  A bout 1 ml o f  
F i ld e s  and  M oln tosh  m e th y le n e -b lu e  i n d i c a t o r  ( W i l l i s ,  1969) 
was th e n  a s e p t l c a l l y  p la c e d  in  th e  t e s t  tu b e  and  100 ml o f 
a n a e ro b ic  medium (AM) o f  th e  d e s i r e d  NaCl c o n c e n t r a t io n  was 
ad d ed  t o  th e  f l a s k .  The f l a s k  was th e n  h e a te d  t o  100 C 
u n t i l  th e  i n d i c a t o r  became c o l o r l e s s  (a b o u t 20 m in u te s ) .  
N itro g e n  g a s  ( l e s s  th a n  3 ppm 0g) was th e n  b u b b le d  i n t o  th e  
f l a s k  v i a  th e  s y r in g e  p o r t  an d  th e  f l a s k  was a llo w e d  t o  c o o l .  
The n i t r o g e n  f lo w  was m a in ta in e d  th ro u g h o u t  th e  e x p e r im e n ts  
t o  k eep  a  p o s i t i v e  p r e s s u r e  in  t h e  f l a s k ,  th u s  p r e s e r v in g  th e  
a n a e ro b ic  c o n d i t io n .  Once th e  medium c o o le d  t o  27 C, 1 ml 
o f  B. n a t r l e g e n s  inocu lum  was ad d ed  v i a  th e  s y r in g e  p o r t  
( in o cu lu m  was h e ld  i n  a  s y r in g e  f o r  20 m in u te s  p r i o r  t o  
i n j e c t i o n  in to  th e  f l a s k ) .  For h o s t  c e l l  g row th  s tu d i e s  b  ml 
sam p les  w ere rem oved by  s y r in g e  and  a b so rb a n c e  a t  580 mu was
Figure 1 F la s k  u se d  f o r  a n a e ro b ic  g ro w th  s t u d i e s .  
N itro g e n  g a s  In f lo w  and  sam ple  c o l l e c t i o n s  
w ere made th ro u g h  th e  s y r in g e  p o r t .
29
PLASTIC TUBE 
PLUGGED WITH COTTON
TEST TUBE 
FOR INDICATOR
SYRINGE PORT
31
m easured  w ith  th e  S p e c tro n ic  20 s p e c tro p h o to m e te r .  For 
o n e - s te p  g row th  s tu d i e s  th e  c e l l s  w ere a llo w e d  t o  grow 
a n a e r o b ic a l ly  f o r  2 h o u r s ,  th e n  phage w ere ad d ed  ( m .o . i .  
a b o u t 0 .1 )  and  a llo w e d  t o  a d s o rb  f o r  20 m in u te s .  An a l i q u o t  
(5  m l) was th e n  rem oved by s y r in g e  and  1 .5  -  2 .0  ml o f th e  
a l i q u o t  was p a s se d  th ro u g h  a  0 .4 5  M M il l ip o r e  f i l t e r  in  a  
S w in n ex -ty p e  f i l t e r  u n i t  p re -w ash e d  w ith  s t e r i l e  o x y g e n -f re e  
AM. The u n ad so rb e d  phage w ere w ashed from  th e  f i l t e r  by 
p a s s in g  1 -2  ml o f  o x y g e n - f re e  AM th ro u g h  th e  f i l t e r .  The 
f i l t e r  u n i t  was th e n  r e v e r s e d  and  u s in g  o x y g e n -f re e  AM th e  
i n f e c t e d  c e l l s  w ere f lu s h e d  o f f  th e  f i l t e r  and  i n t o  a  seco n d  
f l a s k  v i a  th e  s y r in g e  p o r t .  The second  f l a s k  c o n ta in e d  100 
ml o f  o x y g e n - f re e  AM, p lu s  i n d i c a t o r ,  and  was c o n t in u o u s ly  
f lu s h e d  w ith  n i t r o g e n  a s  d e s c r ib e d  a b o v e . Sam ples w ere 
p e r i o d i c a l l y  rem oved from  th e  f l a s k  v i a  s y r in g e  and  t i t e r e d  
by p la q u e  a s s a y  a s  d e s c r ib e d  f o r  a e r o b ic  o n e - s te p  g row th  
e x p e r im e n ts .  M ain ten an ce  o f  th e  c o l o r l e s s  c o n d i t io n  f o r  th e  
i n d i c a t o r  was c o n s id e re d  e v id e n c e  t h a t  c o n d i t io n s  w ere 
a n a e r o b ic .  The same te c h n iq u e  was u sed  f o r  c o m p a ra tiv e  
a e r o b ic  o n e - s te p  g ro w th  e x p e r im e n ts ,  e x c e p t t h a t  s t e r i l e  a i r  
was b u b b led  in to  th e  f l a s k s  i n s t e a d  o f  n i t r o g e n .
X I. L a b e lin g  E x p e rim e n ts .
For l a b e l i n g  e x p e r im e n ts  N ephelo  f l a s k s  c o n ta in in g  50 
ml o f  4SN medium (0 .1 6  M NaCl f o r  BN6 s t u d i e s ,  0 .2 5  M f o r
3
h o s t  an d  BN1 phage s t u d i e s )  w ith  0 .0 0 2  u g /m l th y m id in e  -  6 -  H 
( 4 .4  x 10^ dpm /m l) a d d e d , w ere in o c u la te d  w i th  0 .1  ml o f  a
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B. n a t r le g e n s  In o cu lu m . The f l a s k  was sh ak en  a t  150 rpm 
a t  27 C f o r  3 h o u r s .  The c u l t u r e  was th e n  c e n t r i f u g e d  (1 0 ,0 0 0  
x g f o r  10 m in u te s ) ,  r i n s e d  w ith  and  re su sp e n d e d  In  50 ml o f  
^SN medium w ith  1 u g /m l o f  u n la b e le d  6 -d - th y m id in e . As a  
c o n t r o l ,  t r i p l i c a t e  2 ml sam p les  w ere  rem oved and  t r e a t e d  
w ith  0 ,1  ml o f  a  0 .1 5 #  sodium  d o d e c y l s u l f a t e  (SDS) s o lu t i o n .  
P hages w ere th e n  ad d ed  t o  th e  f l a s k  ( m .o . l .  1 -2 )  and  t r i p l i c a t e  
2 ml sam p les w ere p e r i o d i c a l l y  rem oved an d  ly s e d  w ith  0 ,1  ml 
SDS. A l l  sam p les w ere th e n  t r e a t e d  w ith  2 ml o f  10# t r i c h l o r ­
a c e t i c  a c id  (TCA) s o lu t i o n  ( f i n a l  c o n c e n t r a t io n  5# TCA), 
f i l t e r e d  (0 .^ 5  M il l ip o r e  f i l t e r )  and  w ashed once w ith  2 ml 
o f  5# TCA, The f i l t e r s  w ere p la c e d  in  s c i n t i l l a t i o n  v i a l s  
c o n ta in in g  10 ml o f  d io x a n e  s c i n t i l l a t i o n  f l u i d  and  l a t e r  
c o u n te d  on a  Beckman LS-150 l i q u i d  s c i n t i l l a t i o n  c o u n te r .  To 
t e s t  th e  v a l i d i t y  o f  th e  f i l t r a t i o n  m ethod c e l l s  w ere grown 
and  l a b e le d  a s  d e s c r ib e d  above and 2 s e t s  o f  t r i p l i c a t e  3 
ml sam p les  w ere rem oved . One s e t  o f  t r i p l i c a t e  sam p les was 
p a s se d  th ro u g h  3 f r e e z e - th a w  c y c le s  and th e n  t r e a t e d  w ith  
DNAse f o r  30 m in u te s  a t  37 C. The second  s e t  o f  t r i p l i c a t e  
sam p les  was s u b je c te d  t o  f r e e z e - th a w in g  b u t  n o t  t o  DNAse 
d i g e s t i o n .
A l l  th e  sam p les  w ere th e n  t r e a t e d  w ith  10# TCA, f i l t e r e d  
an d  c o u n te d  a s  d e s c r ib e d  ab o v e .
RESULTS
I ,  B eneckea Phage D i s t r i b u t i o n  in  C o a s ta l  M arshes,
C h lo r o f o r m - r e s i s ta n t  b a c te r io p h a g e s  w hich  ly s e d  B eneckea 
n a t r l e g e n s  w ere I s o l a t e d  a t  a l l  c o a s t a l  l o c a t i o n s  sam p led , 
i n d i c a t i n g  t h e i r  w ide d i s t r i b u t i o n  in  c o a s t a l  m arsh es  (T ab le  
1 - 2 ) ,  A co m p le te  l i s t i n g  o f  a l l  s a m p lin g  r e s u l t s  a p p e a r s  in  
A ppendix A. The e a s e  w i th  w hich  th e  p h ag es  w ere  i s o l a t e d  
from  s m a ll  sam p les  and t h e i r  p re s e n c e  in  a l l  sam p les  w ith  
s a l i n i t y  g r e a t e r  th a n  7 o /o o  s t r o n g ly  s u g g e s te d  t h a t  th e  
ph ag es  w ere a l s o  ab u n d a n t in  th e  m arsh es  (T ab le  3 ) .  S e v e ra l  
a t t e m p t s ,  u s in g  d i f f e r e n t  s am p lin g  te c h n iq u e s ,  w ere made 
t o  g a th e r  q u a n t i t a t i v e  e v id e n c e  o f  th e  phage a b u n d an ce . 
However, t h e  r e s u l t s  w ere e q u iv o c a l  and  em phasized  th e  
d i f f i c u l t i e s  in v o lv e d  in  p r o c u r in g  r e a s o n a b le  q u a n t i t a t i o n  o f  
phage p r e s e n c e .  The r e s u l t s  o f  th e s e  p r e l im in a r y  q u a n t i t i v e  
s tu d i e s  a r e  t h e r e f o r e  p r e s e n te d  and  d is c u s s e d  in  A ppendix B.
T h ere  w ere s e v e r a l  b a c te r io p h a g e s  w hich  w ere p r e s e n t  
i n  h ig h  t i t e r s  in  th e  sam p les  and  a l s o  m o rp h o lo g ic a l ly  
d i s t i n c t i v e  enough t o  be  i d e n t i f i e d  i n  n e g a t i v e l y - s t a i n e d  
p r e p a r a t i o n s .  T hese  p h ag es  a r e  shown in  F ig u re s  2 -9  and  
t h e i r  d im e n s io n s  a p p e a r  in  T a b le  The r e p e a te d  o c c u rre n c e  
o f  m o rp h o lo g ic a l ly  i d e n t i c a l  p h ag es  i n  many ( in  one c a s e  a l l )  
o f  th e  s a m p lin g  l o c a t i o n s  i n d i c a t e d  t h a t  s e v e r a l  o f  th e
33
Ta
bl
e 
1.
 
H
yd
ro
gr
ap
hi
c 
da
ta
 
an
d 
in
ci
de
nc
e 
of 
Be
ne
ck
ea
 
ph
ag
es
 
in 
mu
d 
sa
m
pl
es
 
co
lle
ct
ed
 
in
 
co
as
ta
l 
sa
lt 
m
ar
sh
es
.
3^
tu *
b i  <D 
to CL 
£ >
P  
CD d  
to  CD 
ID tO
Jp 01£  d  a,
PO
d0)-Q
100)Ha6
toco
< u  
d  
d  
pto - „ 
d  o |
0) o
E 
to H
>, 
p  ■H 
d  -
B
co
•H
03ao►4
CDi
CM
CM
CM
CM
to
CM
LD
I
CM
in
CM
o
to
uni
CM
O
LO
CM
I<sj-
CM
00
I
CM
CM
OfO
CM
ID
CM
cn
> < • a
• <0 * •
• • to > to CO o
to S 3 > o CO p
to
j r t •» > t •s S d
T d tu to T 3 CD
c d « d * \ m
•s to o to 3 0 )
d iH
&
CD r—1 o d
to to X to > >
P
to
H
d
t0
CD
H
< s
CO
d
a> C d a o tu
o CD CD to <— 1 CO X I
d P P to CD •H c
o to to <u C U > 3
H
O
P
CO &
X
C J < 3 a *
r*"I
CM
CO
CDU3&)•H
35
Table 2. Host range for samples from various co a sta l samples 
enriched once with B. natriegens prior to  ly s i s  and 
sp o ttin g  on b a c ter ia l lawns.
Bacterium Sample Location
>■ .
• iP • •
CO Va > Ga COCO
CO •s •H
J2 •\ aS3 T3
C
Q)
U 3 C
HJ O (0 d
f-4 H x : <v i—1 o
0) 05 CO 05 >>
4->
05
H
c 05
H 3
0) c a . O
o 05 05 H CO
3 4-> 4-> 05 05 •H
O (D 05 05 Q. >
H
O
4->
CO W
x :
a 3 <3
B acillu s cereus 
B acillu s s u b t i l is  
Micrococcus lu teu s  
Staphlococcus aureus 
Sarcina lu tea  
Escherichia c o l i  B 
Escherichia fru en d ii 
K leb sie lla  pneumoniae 
Aerobacter aerogenes 
Citrobacter fru en d ii 
Proteus m irab ilis  
Flavobacterium capsulatum  
Pseudomonas aeruginosa  
Pseudomonas flourescens  
Pseudomonas bathycetes 
Vibrio marinus 
Vibrio oarahaemolyticus 
(FCiOll)
Vibrio parahaemolyticus 
(Sak 3)
Vibrio parahaemolyticus 
(Sak 4)
Vibrio parahaemolyticus 
(341)
Vibrio a lg in o ly tic u s  
(157-70)
Vibrio a lg in o ly tic u s  
(163-70)
Beneckea natriegens + + + + + +
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Table 3. Incidence of Beneckea phages in  samples c o lle c te d  
from the York River estuary, V irg in ia . Samples 
are arranged by s a l in i ty  regim es.
S a lin ity  Regime Number Samples with 
Phage Present
Number Samples with 
Phage Absent
FRESHWATER - not 
subject to  t id a l  
s a l in i t y  change 
0.05 - 0.35 o/oo
0 36
TRANSITIONAL - t id a l  
s a l in i ty  change 
0.40 - 7 .0  o/oo
26 27
SALINITY NOT LIMITING 
7 - 3 0  o /oo
60 0
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Table 4. Dimensions of Beneckea bacteriophages based on 
measurements of n eg a tiv e ly -sta in ed  preparations.
Phage F ig . Dimensions (nm)
__________________________Head________ T ail length  T ail diameter
BN1 2 120 x 70 110 18
BN2 3 115 380 20
BN3 4 55 128 5
BN4 5 57 178 12
BN5 6 80 105 18
BN6 7 60 40 5
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i n d iv id u a l  p h ag es  w ere w id e ly  d i s t r i b u t e d  a lo n g  th e  c o a s t  
(T a b le  1 and  F ig u re s  2 - 7 ) .  In  a d d i t i o n  t o  th e  p h ag es  shown 
i n  F ig u re s  2 -7 ,  t h e r e  w ere num erous s m a l le r  p a r t i c l e s  r e ­
se m b lin g  s m a ll  l c o s a h e d r a l  t a l l - l e s s  p h ages in  m ost sam p les 
(F ig u re s  8 and  9 ) .  However, th e y  w ere n o t  m o rp h o lo g ic a l ly  
d i s t i n c t i v e  o r  i s o l a t e d  in  p u re  c u l t u r e  so  t h a t  p o s i t i v e  
i d e n t i f i c a t i o n  and co m p ariso n s  b e tw een  sam ples c o u ld  n o t  be 
m ade. I t  i s  l i k e l y  t h a t  s m a ll  t a l l - l e s s  p hages a s  w e l l  a s  
c h lo r o f o r m - la b i l e  and te m p e ra te  B eneckea p hages e x i s t t  
t h e r e f o r e  th e  abun d an ce  and d i v e r s i t y  o f a l l  B, n a t r ie g e n s  
p h ag es  i s  g r e a t e r  th a n  in d ic a te d  in  t h i s  s tu d y .
I I ,  Phage D i s t r i b u t i o n  in  York R iv e r  E s tu a ry ,  V i r g in i a .
B eneckea p h ag es  w ere p r e s e n t  in  a l l  sam p les  from  th e  
York R iv e r  e s tu a r y  w here s a l i n i t i e s  w ere g r e a t e r  th a n  7 o /o o  
(T a b le  3» F ig u re  10 and  1 1 ) .  The in c id e n c e  o f  B eneckea 
p h ag es  was re d u c e d  in  sam p les  from  a r e a s  o f  th e  York R iv e r  
w here s a l i n i t i e s  ra n g e d  fro m , 0 .4  t o  7 .0  o /o o  an d  phages 
w ere n o t  found  in  sam p les from  f r e s h w a te r  a r e a s  w here s a l i ­
n i t i e s  w ere n o t  in f lu e n c e d  by t i d e s  and  ra n g e d  fro m , 0 .0 5  t o  
0 .3 5  0 /0 0  (T ab le  3 ) .  T h is  same s a l i n i t y - d e p e n d e n t  phage 
d i s t r i b u t i o n  p a t t e r n  was o b se rv e d  in  G u th r ie  C reek  in  th e  
P o ro p o ta n k  R iv e r  ( t r i b u t a r y  o f  th e  York R iv e r )  w here fo u r  
sa m p lin g s  w ere made d u r in g  1973 (F ig u re  1 0 , i n s e t ) .  T h is  
a r e a  was i n t e r e s t i n g  b e c a u se  th e  t r a n s i t i o n  from  b r a c k is h  
t o  f r e s h w a te r ,  and  from  phage p re s e n c e  t o  phage a b s e n c e , 
o c c u r re d  o v e r  a  r e l a t i v e l y  s h o r t  g e o g ra p h ic a l  d i s t a n c e  ( l e s s  
th a n  1 n a u t i c a l  m i l e ) .
F ig u re s  2 -9 .  N e g a t iv e ly - s ta in e d  B eneckea p h ag es  w ith
phage i s o l a t e  num bers shown in  low er r i g h t  
c o r n e r  o f  each  f i g u r e .  F ig u re s  8 and 9 
r e p r e s e n t  v i r u s - l i k e  p a r t i c l e s  w hich  w ere 
n o t  d i s t i n c t i v e  enough t o  a l lo w  p o s i t i v e  
i d e n t i f i c a t i o n  b u t  w ere p r e s e n t  in  h ig h  
num bers in  th e  sa m p le s . A l l  p h o to g ra p h s  
a r e  a t  th e  same m a g n i f ic a t io n j  b a r  e q u a ls  
100 nm.
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I ·.,., 
F ig u re  10 . * S am pling  l o c a t i o n s  w i th in  th e  York R iv e r  
e s tu a r y .  I n s e t  shows G u th r ie  C reek  a r e a  
o f th e  P o ro p o tan k  R iv e r  and  i n d i c a t e s  mean 
s a l i n i t i e s  and  th e  o c c u r re n c e  (+ o r  - )  o f  
B eneckea p h ag es  f o r  fo u r  sam p lin g s  made 
a t  th e  i n d ic a te d  s i t e s  ( d o ts )  d u r in g  1972 
and 1 9 7 3 .
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Phage in c id e n c e  was m o n ito re d  f o r  18 m onths a t  two 
m arsh  a r e a s  w ith  s im i l a r  " t r a n s i t i o n a l "  s a l i n i t y  re g im e s .
One s t a t i o n  was n e a r  West P o in t  in  th e  York R iv e r  and  th e  
seco n d  was a t  M il le r  L and ing  in  th e  P o ro p o tan k  R iv e r  
(F ig u re  1 0 , 1 1 ) .  The in c id e n c e  o f  B eneckea p h ages was 
n e a r ly  i d e n t i c a l  on a l l  o c c a s io n s  a t  th e s e  s t a t i o n s .  The 
p re s e n c e  o f  th e  p h ag es  seemed to  fo llo w  p e r io d s  o f  h ig h e r  
s a l i n i t i e s  and  th e  phage d is a p p e a re d  from  th e s e  a r e a s  
f o l lo w in g  p e r io d s  o f  lo w ered  s a l i n i t i e s  (F ig u re  1 1 ) .  The 
in c id e n c e  o f  phage a t  th e s e  t r a n s i t i o n a l  s t a t i o n s  t h e r e f o r e  
s t r o n g ly  im p l ic a te d  s a l i n i t y  a s  a  dom inan t f a c t o r  c o n t r o l l i n g  
phage p r e s e n c e .
In  a r e a s  w here s a l i n i t y  was n o t  l i m i t i n g  (more th a n  
7 o /o o )  B eneckea p h ag es  w ere p r e s e n t  th ro u g h o u t  th e  y e a r  
i n d i c a t i n g  t h a t  v a r i a t i o n s  in  w a te r  te m p e ra tu re s  (4 C t o  
29 C) d id  n o t  l i m i t  phage p re s e n c e  (F ig u re  1 1 , A ppendix A ).
I I I .  I s o l a t i o n  and  P a r t i a l  C h a r a c t e r i z a t i o n  o f  Phages 
BN1 and BN6 .
Two p h a g e s , i s o l a t e d  from  York R iv e r  m a rsh e s , w ere 
h o s t - s p e c i f i c  f o r  B. n a t r i e g e n s  (T ab le  5 ) and  c o u ld  be 
m a n ip u la te d  by s ta n d a rd  v l r o l o g i c a l  te c h n iq u e s  ( e .g .  d o u b le  
a g a r - o v e r l a y ,  s e e  Adams, 1 9 5 9 ) . T hese p h ag es  BN1 an d  BN6 
w ere ch o sen  f o r  f u r t h e r  s tu d y  in  th e  l a b o r a to r y .
The BN1 phage was i s o l a t e d  from  a  mud sam ple from  
S a ra h  C re ek , V i r g in i a  (F ig u re  1 0 , T ab le  4 ) .  The BN1 phage 
was s t a b l e  up t o  160 d a y s  a t  20 C in  a u to c la v e d  EW, 4SN
k 6
Table 5. R esults of host range t e s t s  made for BN1 and BN6 
bacteriophages on various t e r r e s t r ia l  and marine 
b a c te r ia .
Bacterium Lysis
BN1 BN6
B acillu s cereus - -
B. s u b t i l i s - -
Micrococcus lu teu s - -
Staphlococcus aureus - -
Sarcinia lu tea - -
Escherichia c o l i  B - -
E. fru en d ii -
K leb sie lla  pneumoniae - -
Aerobacter aerogenes - -
C itrobacter fru en d ii - -
Proteus m irab ilis - -
Flavobacterium capsulatum - -
Pseudomonas aeruginosa - -
P. fluorescens - -
P. bathycetes - -
Vibrio marinus - -
V. parahaemolyticus (FC1011) - -
V. parahaemolyticus (SAK 3) - -
V. parahaemolyticus (SAK 4) - -
V. parahaemolyticus (341) - -
V. a lg in o ly ticu s  (157-70) -
V. a lg in o ly tic u s  (163-70) “ —
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m edia (0 .0 6  and  0 .1 6  M N aC l), pond w a te r  (PW), and  d i s t i l l e d  
w a te r  (DW). The phage was s t a b l e  in  f i l t e r - s t e r i l i z e d  
(0 .2 2  ,») EW up t o  50 d a y s  (F ig u re  1 3 ) .  In  a u to c la v e d  EW 
a t  5 * 27 and  37 C th e  BN1 phage was s t a b l e  up to  22 h o u r s . 
H ow ever, a  s l i g h t  t i t e r  d e c r e a s e  was o b se rv e d  a f t e r  k  h o u rs  
a t  50 G and  a  5 lo g  d e c r e a s e  in  t i t e r  o c c u r re d  w i th in  one 
h o u r a t  60 C (F ig u re  1 5 ) .  A f te r  one f r e e z e - th a w  c y c le  in  
a u to c la v e d  EW th e  BN1 t i t e r  d e c re a s e d  from  5 .2  x 1 0 ^° p fu /m l 
t o  2 .8  x 10^® p fu /m l.  At 20 C in  a u to c la v e d  EW o f  pH 7 .6  
and  a t  pH 6 ,5  th e  BN1 phage was s t a b l e  f o r  60 h o u r s ,  how ever, 
t i t e r  d e c r e a s e s  w ere o b se rv ed  a t  pH 8.*f, 8 .9  and  k . 0 ,
(F ig u re  1 7 ) .  In  NEM a t  27 G th e  l a t e n t  p e r io d  was a b o u t 
50 m in u te s  and  th e  a v e ra g e  b u r s t  s i z e  was 280 p f u / c e l l  
(F ig u re  1 9 ) .
The BN6 phage was i s o l a t e d  from  a  mud sam ple from  
C a r te r  C reek , V i r g in i a  (F ig u re  7 , T a b le  4 ) .  The BN6 phage 
was s t a b l e  up t o  160 d ay s  a t  20 C in  a u to c la v e d  EW, 4SN 
m edia (0 .0 6  and  0 .1 6  M NaCl) and  in  a u to c la v e d  PW, how ever, 
in  a u to c la v e d  DW a  ^  lo g  t i t e r  d e c r e a s e  o c c u r re d  a f t e r  60 
d ay s  (F ig u re  1 2 ) .  In  a u to c la v e d  EW a t  5 » 27 and  37 C th e  
BN6 phage was s t a b l e  up to  22 h o u r s .  However, a  2 lo g  t i t e r  
d e c r e a s e  o c c u r re d  a f t e r  22 h o u rs  a t  50 C and  a  g r e a t e r  th a n  
3 lo g  d e c re a s e  o c c u r re d  a f t e r  2 h o u rs  a t  60 C (F ig u re  1 6 ) .  
A f te r  one f r e e z e - th a w  c y c le  in  a u to c la v e d  EW th e  BN6 t i t e r  
d e c re a s e d  from  9 .0  x 1010 p fu /m l t o  7 .9  x 1010 p fu /m l.  At 
20 C in  a u to c la v e d  EW o f  pH 7 . 6  an d  6 .5  th e  BN6 phage was 
s t a b l e  f o r  60 h o u r s .  However, t i t e r  d e c r e a s e s  w ere o b se rv e d
F ig u re  1 2 . S u r v iv a l  o f  phage BN6 when k e p t  a t  20 C 
a u to c la v e d  EW, 4-SN m edia o f  0 .1 6  M and  
N aCl, a u to c la v e d  PW, o r  a u to c la v e d  DW.
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Figure 13. Survival of phage BN1 when kept at 20 G in
autoclaved EW, filter-sterilized EW, and
untreated EW,
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Figure 14. Survival of phage BN6 when kept at 20 C in
autoclaved EW, filter-sterilized EWf and Tin-
treated EW.
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Figure 15. Survival of phage BN1 in autoclaved EW at
5 C, 27 C, 37 C, 50 C, and 60 C.
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Figure 16. Survival of phage BN6 in autoclaved EW at
5 C, 27 C, 3 7 C, 50 C, and 60 C.
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Figure 17. Survival of phage BN1 in autoclaved EW at
pH 4.0, 6.5, 7.6, 8.4, and 8.9.
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Figure 18. Survival of phage BN6 In autoclaved EW at
pH 4.0, 6.5. 7.6, 8.4, and 8.9.
60
pf
u/
 
m
l
• ------- •  pH4.0
150-1 A ...........A  pH 6 . 5
A — — A  pH 7 . 6
O-------- O p H 8 . 4
□ -------- □  pH 8 . 9
1 4 0 -
130 —□_________ D _____
120 -
M 0 -  A
9 0 - :*
8 0 -
7 0 -
6 0 -
5 0 -
4 0 -
20 -
10-
6 04 0 5 03 020100
ELAPSED TIME (Hrs.)
F ig u re  19 . O n e -s te p  g row th  c u rv e s  f o r  p h ages BN1 and  BN6 
in  NEM a t  27 C. F or th e  BN1 phage th e  l a t e n t  
p e r io d  was 50 m in u te s  and  th e  a v e ra g e  b u r s t  
s i z e  was 280 p fu /m l.  For th e  BN6 phage th e  
l a t e n t  p e r io d  was 50 m in u te s  and  th e  b u r s t  
s i z e  was 270 p fu /m l.
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a t  pH 8 .4 ,  8 ,9  and  4 .0  (F ig u re  1 8 ) ,  In  EW a t  27 C th e  
l a t e n t  p e r io d  was a b o u t  50 m in u te s  and  th e  a v e ra g e  b u r s t  
s i z e  was 270 p f u / o e l l  (F ig u re  1 9 ) .
B oth  th e  BN1 and  BN6 p h ages w ere s t a b l e  In  a u to c la v e d  
o r  f i l t e r - s t e r i l i z e d  EW (F ig u re s  13 and  1 4 ) .  However, In  
u n t r e a t e d  ( n o n - s t e r i l e )  EW, a  one lo g  t i t e r  d e c r e a s e  was 
o b se rv e d  f o r  t h e  BN1 phage a f t e r  10 d a y s j  a f t e r  w hich  tim e  
no f u r t h e r  t i t e r  d e c r e a s e s  o c c u r re d  (F ig u re  1 3 ) .  The BN6 
phage t i t e r  s t e a d i l y  d e c re a s e d  two lo g s  o v e r  50  d ay s  in  
u n t r e a t e d  EW (F ig u re  1 4 ) ,
IV. Growth o f  B eneckea n a t r l e g e n s .
Growth studies of B. natrlegens in 4SN media of various 
NaCl levels (0 .0 6  M to 0 .4 2  M) at 27 C showed that 0 .2 5  M 
NaCl was optimal for growth and that 0 .0 6  M NaCl was the 
lowest NaCl level at which growth occurred (Figure 20) .
T hese v a lu e s  a r e  t h e  same a s  th o s e  r e p o r te d  by Payne ( I9 6 0 ) .
V. E f f e c t  o f  NaCl C o n c e n tra t io n  on Phage A d s o rp tio n .
A d s o rp tio n  f o r  th e  BN1 phage was v e r y  p o o r (8#) a t  
0 ,0 6  M NaClj h o w ev er, th e  p e r c e n t  a d s o rb e d  in c r e a s e d  r a p i d ly  
w ith  in c r e a s in g  N aCl, r e a c h in g  86# a t  0 .1 6  M and 0 .2 5  M NaCl 
(F ig u re  2 1 ) . In  c o n t r a s t  BN6 a d s o r p t io n  was a b o u t 26# o v er 
th e  e n t i r e  ra n g e  o f  NaCl c o n c e n t r a t io n s  and  a p p e a re d  u n a f f e c te d  
by  th e  NaCl l e v e l s  t e s t e d  (F ig u re  2 1 ) .  In  r e l a t e d  e x p e r im e n ts  
(m edia w ere f i l t e r - s t e r i l i z e d )  a d d i t i o n  o f  mannose a s  a  
n e u t r a l  osm oticum  r a i s i n g  th e  o s m o la r i ty  o f 0 .0 6  and  0 .0 8  M 
NaCl 4SN medium t o  th e  same l e v e l  a s  0 .1 6  M NaCl 4SN medium
Figure 20. Growth of B. natrlegens (measured by in­
crease in absorbance at 580 mu) after 5 hours
in 4SN media with different NaCl concentrations.
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(430 m i l l io s m o le s ) d id  n o t  in c r e a s e  th e  a d s o r p t io n  o f  th e  
BN1 phage (T ab le  6 ) .  T h is  in d ic a te d  t h a t  a d s o r p t io n  d i f f e r ­
e n c e s  w ere a f f e c t e d  by  io n ic  and  n o t  o sm o tic  d i f f e r e n c e s  
in  th e  v a r io u s  4SN m ed ia . When s im i l a r  e x p e r im e n ts  w ere 
c o n d u c te d  w ith  KC1 a s  th e  osm otlcum f th e  a d d i t i o n a l  KC1 
c o m p le te ly  r e p la c e d  NaCl in  i t s  e f f e c t  on BN1 phage a d s o rp ­
t i o n  (T ab le  6 ) .  T hus, th e  io n io  r e q u ire m e n t  f o r  BN1 a d s o rp -  
i s  n o t  Na+- s p e c i f i c  b u t  i s  a  g e n e r a l  r e q u ire m e n t  f o r  e i t h e r  
o f  th e  m o n o v alen t c a t i o n s ,  Na+ o r K+ .
V I. E f f e c t  o f  NaCl C o n c e n tra t io n  on Phage R e p l i c a t i o n .
B oth  phage BN1 and  BN6 c o u ld  form  p la q u e s  on law ns o f 
B. n a t r l e g e n s  a t  NaCl c o n c e n t r a t io n s  o f  0 .0 6  M o r g r e a t e r .
At v a lu e s  below  0 .0 6  M th e  h o s t  b a c te r iu m  d id  n o t  s u rv iv e  
and  t h e r e f o r e  phage r e p l i c a t i o n  c o u ld  n o t  o c c u r .
O n e -s te p  g row th  s tu d i e s  p ro v ed  u s e f u l  in  q u a n t i t a t i o n  
o f  th e  e f f e c t s  o f  th e  NaCl c o n c e n t r a t io n  on phage r e p l i c a t i o n .  
F or b o th  phages th e  l a t e n t  p e r io d s  and  th e  b u r s t  s i z e s  
v a r i e d  w ith  ch an g es  in  th e  c o n c e n t r a t io n  o f  N aCl, t h e r e f o r e  
f o r  p r e s e n t a t i o n  th e  d a ta  w ere c o n v e r te d  t o  a  r a t e  o f  phage 
s y n th e s i s  by d iv id in g  th e  b u r s t  s i z e  ( p f u / c e l l )  by th e  
l e n g th  o f  th e  l a t e n t  p e r io d  (m in u te s )  f o r  a  g iv e n  c u rv e  
(F ig u re  22 , T a b le s  7 - 8 ) .
F or phage BN1 a s  th e  NaCl c o n c e n t r a t io n  was in c r e a s e d  
from  0 .0 6  M t o  th e  o p tim a l  l e v e l  a t  0 .2 5  M th e  r a t e  o f  phage 
s y n th e s i s  in c r e a s e d  from  0 .1 3  to  1 1 .6  p f u /c e l l / m i n u t e s  
l a t e n t  p e r io d  ( l a t e n t  p e r io d  d e c re a s e d  from  90 t o  45 m in u te s
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Table 6. Percent BN1 phage adsorbed a fte r  20 minutes in  
4SN medium a t  0.06, 0.08 and 0.16 M NaCl and at  
0.06 and 0.08 M NaCl 4SN medium with e ith e r  
mannose or KC1 added to  ra ise  osm olarity to  the 
same le v e l  as 0.16 M NaCl 4SN medium (430 m illio sm o les). 
A ll media were f i l t e r - s t e r i l i z e d .
NaCl BN1 Phage Adsorbed A fter 20 min (%)
(moles )_________ Control Mannose Added________ KC1 added
0.06 24 30 84
0.08 47 41 85
0.16 82
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Table 7. R esults of one-step growth experiments a t 27°C 
for  phage BN1 a t various NaCl con cen tra tion s.
[NaCl] Latent Period Burst S ize Rate
(m oles) (minutes) ( p fu /c e l l )  (p fu /c e ll/m in .
la te n t  period)
0.06 90 12 0.13
0.08 90 112 1 .24
0.16 60 321 5 .35
0.20 53 413 7 .8
0.25 45 520 11.60
0.33 50 522 10.45
0.41 50 511 10.20
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Table 8. R esults of one-step  growth experiments a t 27°C 
for  phage BN6 a t various NaCl con cen tra tion s.
CNaCl] Latent Period
(moles) (m inutes)
0.06 90
0.08 67-75
0.13 60
0.16 55
0.20 57
0.25 60
0.33 60
0.41 60
Burst S ize Rate
(p fu /c e l l )  (p fu /c e ll/m in .
la te n t  period)
300 3 .33
605 8.52
609 10.20
610 11.5 0
552 9.80
499 8.32
311 5 .20
311 5 .20
F ig u re  2 2 . R a te  o f  BN1 o r  BN6 phage p ro d u c t io n  ( p f u /  
c e l l /m in u te  o f  l a t e n t  p e r io d )  b a se d  on 
o n e - s te p  g ro w th  s tu d i e s  In  ^SN m edia o f  
v a r io u s  NaCl c o n c e n t r a t io n s  a t  27 C.
r- m
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and  b u r s t  s i z e  in c r e a s e d  from  12 to  520 p f u / c e l l ) .  As 
th e  NaCl c o n c e n t r a t io n  was in c r e a s e d  t o  0 .^ 1  M th e  r a t e  
d e c re a s e d  s l i g h t l y  t o  1 0 .2  p f u /c e l l / m i n u t e  l a t e n t  p e r io d  
(F ig u re  2 2 , T a b le  7 ) .
The BN6 phage s y n th e s i s  r a t e  in c r e a s e d  from  3 .3 3  to  
1 1 .5  p f u /c e l l / m i n u t e  l a t e n t  p e r io d  a s  th e  NaCl c o n c e n t r a t io n  
was in c r e a s e d  from  0 .0 6  t o  0 ,1 6  M N aCl. When th e  NaCl 
c o n c e n t r a t io n  was in c r e a s e d  t o  0 ,3 3  M th e  r a t e  d e c re a s e d  
to  5 .2  p f u / c e l l / m i n u t e  l a t e n t  p e r io d  and  was unchanged  a t  
0 .^ 1  M NaCl (F ig u re  22 , T a b le  8 ) .  T hese p h ag es  r e p l i c a t i n g  
w i th in  t h e  same h o s t  b a c t e r i a  had  d i f f e r e n t  NaCl o p tim a  f o r  
phage s y n th e s i s .  The BN1 phage optimum was 0 .2 5  M N aC l, 
t h e  same a s  t h a t  o f  th e  h o s t  c e l l  w h ile  th e  BN6 phage had 
i t s  optimum a t  0 .1 6  M N aC l, a  v a lu e  l e s s  th a n  o p tim a l  f o r  
h o s t  c e l l  g row th  (F ig u re  22 , T a b le s  7 - 8 ) ,
0n e --s tep  g row th  s tu d i e s  w ere a l s o  c o n d u c te d  u s in g  
m annose and  KC1 a s  o sm o tic a  a s  d e s c r ib e d  f o r  th e  a d s o r p t io n  
s tu d i e s  (T a b le s  9 - 1 0 ) .  When m annose was u sed  th e  r a t e s  o f 
phage s y n th e s i s  f o r  b o th  th e  BN1 and  BN6 p h ag es  w ere in c r e a s e d  
s l i g h t l y .  The in c r e a s e  was g r e a t e s t  f o r  th e  BN6 phage w here 
th e  r a t e  w ith  m annose a t  0 .0 6  M NaCl was **3# o f  th e  v a lu e  
a t  0 .1 6  M NaCl com pared t o  30# o f  th e  o p tim a l  v a lu e  o b se rv e d  
w ith o u t  th e  mannose (T a b le  9 ) .  F or th e  BN1 phage th e  r a t e  
o f  s y n th e s i s  a t  0 .0 8  M NaCl was 5 .^ #  o f  th e  v a lu e  a t  0 .1 6  
M NaCl an d  i t  in c r e a s e d  t o  1 2 .7 #  o f  th e  0 ,1 6  M NaCl v a lu e  
when m annose was added  (T a b le  9 ) .  When KC1 was u sed  a s  th e  
osm oticum  th e  r a t e  f o r  t h e  BN1 phage was 57# o f  th e  0 .1 6  M
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Table 9 . R esults of one-step  growth experiments a t 27°C
for  phage BN1 at 0.16 M NaCl with e ith e r  mannose 
or KC1 used to  adjust osm olarity to  0.16 M NaCl 
l e v e l .  A ll media were f i l t e r  s t e r i l iz e d .
Medium Latent Period 
(m inutes)
Burst Size  
( p fu /c e l l )
Rate of Phage 
Synthesis 
( p fu /c e ll/m in . 
la te n t  period)
0.16 M NaCl 
0.08 M NaCl
45
80
75 0 
40
16.7
0.5
0.08 M NaCl 
+ mannose
0.08 M NaCl 
+ KC1
85
60
95
430
1.1
7 . 2
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Table 10. R esults of one-step growth experiments a t 27°C 
for phage BN6 a t 0.16 M NaCl, 0.06 M NaCl, and 
a t 0.06 M NaCl with e ith er  mannose or KC1 used 
to  adjust osm olarity to  0.16 M NaCl l e v e l .  A ll 
media were f i l t e r  s t e r i l iz e d .
Medium Latent Period Burst S ize Rate of Phage
(m inutes) (p fu /c e l l )  Synthesis
(p fu /c e ll/m in . 
la te n t  period)
0.16 M NaCl
0.06 M NaCl
0.06 M NaCl 
+ mannose
0.06 M NaCl 
+ KC1
60
90-95
70
60
1655
520
712
1000
27.6 
5 .6
1 0 . 2
16.7
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NaCl v a lu e  and  f o r  th e  BN6 phage th e  r a t e  was 6l% o f  th e  
h ig h e r  0 .1 6  M NaCl v a lu e  (T a b le  1 0 ) .  The g r e a t e r  I n c r e a s e s  
In  th e  r a t e  o f  s y n th e s i s  o f  b o th  p h ages w hich  o c c u r re d  when 
KC1 was u se d  I n d ic a te d  t h a t  In  a d d i t i o n  to  a  s l i g h t  o sm o tic  
e f f e c t  t h e r e  was a  g r e a t e r  I o n ic  e f f e c t  on phage s y n th e s i s .  
A lth o u g h  th e  u se  o f  o sm o tic a  enhanced  th e  r a t e s  o f  phage 
s y n th e s i s  n e i t h e r  osm oticum  c o u ld  c o m p le te ly  com pensate  f o r  
t h e  re q u ire m e n t  f o r  NaCl.
7 1 1 , U l t r a s t r u c t u r e  o f  B eneokea n a t r l e g e n s .
In  4SN medium w ith  0 ,2 5  M o r  0 .4 l  M N aC l, th e  u n in f e c te d  
B. n a t r l e g e n s  h o s t  c e l l s  had  u l t r a s t r u c t u r a l  m orphology 
t y p i c a l  o f  G ram -n eg a tiv e  b a c t e r i a  (F ig u re  2 3 ) .  The f i b r i l l a r  
n u c le o id  m a t e r i a l  and  th e  c e l l  r ib o so m e s  w ere I n te r s p e r s e d  
th ro u g h  th e  c e l l  (F ig u re  2 3 ) .  The c e l l  membrane was v i s i b l e  
a s  an  in n e r  t r i - l a y e r e d  s t r u c t u r e  e n v e lo p in g  th e  c e l l  c y to ­
p lasm  and  th e  c e l l  w a l l  was o b se rv e d  a s  an  o u te r  t r i - l a y e r e d  
e n v e lo p e  (F ig u re  2 4 ) .
Myelemma, s im i l a r  to  th o s e  r e p o r t e d  in  V ib r io  m arln u s  
( F e l t e r ,  e t  a l . # 1 9 7 0 ) , w ere o c c a s io n a l ly  o b s e rv e d , u s u a l ly  
b e tw een  th e  c e l l  membrane and  w a l l  (F ig u re  2 4 ) .
P ia s m o ly s is  ( s e p a r a t io n  o f  c e l l  membrane from  th e  c e l l  
w a l l )  was o b se rv e d  in  4SN medium w ith  0 .1 6  M NaCl (F ig u re s  
25» 2 6 ) .  The u se  o f  m annose a s  a n  osm oticum  d id  n o t  p re v e n t  
p ia s m o ly s is  (F ig u re  2 7 ) .  However, when KC1 was u sed  a s  an  
o sm o tic iu m  p ia s m o ly s is  was n o t  o b se rv e d  (F ig u re  2 8 ) .  T h is
F ig u re  23 . U n in fe c te d  B. n a t r l e g e n s  c e l l  grown In  **SN
medium w ith  0 .2 5  M N aC l. The c e l l  I s  d iv id in g  
an d  th e  c e l l  n u c le o id  (n ) and  r ib o so m e s  ( r )  
a r e  I n d ic a te d ,  The c e l l  was f ix e d  In  
g lu te r a ld e h y d e  and  p o s t - f i x e d  In  osmium.
Bar equals **00 nm.
F ig u re  2**. U n in fe c te d  B. n a t r l e g e n s  c e l l  grown i n  **SN 
medium w ith  0 .2 5  M N aCl. M icrog raph  shows 
e d g es  o f two c e l l s  w ith  c e l l  membranes (cm) 
and  c e l l  w a l l s  (cw) i n d i c a t e d .  A m yellem a 
(m) i s  se e n  In  th e  c e l l  on th e  l e f t .  B ar 
e q u a ls  100 nm.
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I n d ic a te d  t h a t  p ia s m o ly s is ,  In d u ced  by  re d u c e d  l e v e l s  o f  
m o n o v alen t c a t i o n s ,  was a n  I o n ic  an d  n o t  an  osm otlo  
phenom enon.
When B. n a t r l e g e n s  was f ix e d  u s in g  osmium t e t r a o x ld e  
a lo n e  (no g lu te r a ld e h y d e  p r e - f i x a t i o n )  th e  a p p e a ra n c e  o f  
t h e  o e l l s  was q u i t e  d i f f e r e n t  th a n  d e s c r ib e d  a b o v e . The 
n u c le io d  m a t e r i a l  was h ig h ly  c e n t r a l i z e d  and  su rro u n d e d  by 
th e  o e l l  r ib o so m e s  (F ig u re  2 9 ) .
V I I I  BN1 I n f e c t i o n .
BN1 phage r e p l i c a t i o n  was o p tim a l  a t  0 .2 5  M NaCl 
(h o s t  optim um ) an d  a t  t h i s  NaCl v a lu e  and  a t  0 .*fl M NaCl 
p ia s m o ly s is  was n o t  o b se rv e d  d u r in g  phage r e p l i c a t i o n .  The 
u l t r a s t r u c t u r a l  e v e n ts  o f  BN1 r e p l i c a t i o n  w ere i d e n t i c a l  a t  
0 .2 5  and  0 . 4 l  M N aCl, and  f o r  c o n v e n ie n c e  u l t r a s t r u c t u r a l  
r e p l i c a t i o n  s tu d i e s  w ere c o n d u c te d  a t  0 ,4 l  M N aCl. A t y p i c a l  
r e p l i c a t i v e  seq u en ce  i s  r e p r e s e n te d  in  F ig u re s  3 1 -3 6 , and  
39-*H . At a b o u t 15 m in u te s  p o s t - i n f e c t i o n  (m pl) BN1 phage 
w ith  em pty h e a d s  and  c o n t r a c te d  t a i l  s h e a th e s  w ere o b se rv e d  
a b s o rb e d  t o  th e  o u te r  o e l l  w a l l  o f  h o s t  c e l l s  (F ig u re  3 0 ,
3 1 ) .  C e l l s  a t  t h i s  s ta g e  had  a  c o n t r a c t e d ,  c e n t r a l i z e d  
n u c le o id  r e g io n  su rro u n d e d  by  th e  c e l l  r ib o so m e s  (F ig u re s  
3 0 , 3 2 ) .  As d ev e lo p m en t c o n t in u e d  th e  c e n t r a l  n u c le o id  
r e g io n  a p p e a re d  l e s s  c o n t r a c te d  and  to o k  on th e  d i s p e r s e d  
a p p e a ra n c e  t y p i c a l  o f  u n in f e c te d  c e l l s  (F ig u re s  33# 3*0 .
Two d i s t i n c t  n u c le o id  r e g io n s  w ere  a p p a r e n t  i n  many o e l l  
p r o f i l e s  b e tw een  20 and a b o u t  3 5 -^ 0  m pl. T here  was a  f i n e
F ig u re  25 . U n in fe c te d  B. n a t r l e g e n s  c e l l  grown In  4SN 
medium w ith  0 .1 6  M NaCl. S e c t io n e d  o e l l  
shows c e l l  membrane I n v a g in a t io n s  (m l) and  
s e p a r a t i o n  o f  th e  c e l l  membrane an d  c e l l  w a l l  
I n d ic a t in g  p ia s m o ly s is .  B ar e q u a ls  200 nm.
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F ig u re  26 . U n in fe c te d  B. n a t r l e g e n s  c e l l  grown in  ^SN 
medium w ith  0 .0 6  M N aC l. M em brane-w all 
s e p a r a t i o n s  a r e  e v id e n t  I n d ic a t in g  e x te n s iv e  
p la s m o ly s ls .  B ar e q u a ls  200 nm.
It··. 
F ig u re  27 . U n in fe c te d  B. n a t r l e g e n s  c e l l  grown in
medium w ith  0 .0 6  M NaCl and  mannose added  
t o  r a i s e  th e  o sm o tic  p r e s s u r e  t o  th e  0 .1 6  M 
NaCl l e v e l .  F la s m o ly s is  i s  i n d ic a te d  by  th e  
m em brane-w all s e p a r a t i o n s .  B ar e q u a ls  200 nm.
ll .~· 
F ig u re  2 8 . U n in fe c te d  B. n a t r l e g e n s  o e l l  grown in  ^SN 
medium w ith  0 ,0 6  M NaCl an d  KC1 added  to  
r a i s e  th e  o sm o tic  p r e s s u r e  to  th e  0 .1 6  M 
NaCl l e v e l .  F la s m o ly s is  i s  n o t  o b s e rv e d . 
B ar e q u a ls  300 nm.
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F ig u re  2 9 . U n in fe c te d  B. n a t r le g e n s  c e l l  grown In  NEM 
and  f ix e d  w ith  osmium. The c h a r a c t e r i s t i c  
c e n t r a l i z e d  n u c le o id  (n ) I s  I n d ic a te d .  Bar 
e q u a ls  200 nm.
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Figure 30
F ig u re  31
. BN1 p h a g e - in f e c te d  c e l l  a t  30 m in u te s  p o s t ­
i n f e c t i o n  (m pi) in  ^SN medium w ith  0 .^ 1  M 
N aCl. B ar e q u a ls  300 run.
. BN1 phage a d s o rb e d  t o  h o s t  c e l l  a t  15 mpi 
in  ^SN medium w ith  0 .4 l  M NaCl. B ar e q u a ls  
100 nm.
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f i b r i l l a r  a r e a  d e v o id  o f  r ib o so m e s  o r  phage h e a d - l i k e  
s t r u c t u r e s  and  a  l a r g e r  s u r ro u n d in g  r e g io n  K i th  c o a r s e  
f i b r i l l a r  m a t e r i a l  i n t e r s p e r s e d  w ith  phage h e a d - l l k e  
s t r u c t u r e s  and  r ib o so m e s  (F ig u re s  3^» 3 5 ) .  The sm a ll  f i n e  
f i b r i l l a r  r e g io n  was n o t  p r e s e n t  In c e l l  p r o f i l e s  a f t e r  
a b o u t 3 5 -^ 0  m pi.
A t a b o u t 20 mpi d e n se  a r e a s  w ere o b se rv e d  a d ja c e n t  
t o  th e  c e l l  membrane (F ig u re  32 , 3 3 ) .  S h o r t ly  th e r e a f t e r  
(a b o u t 25 m pi) phage h e a d - l l k e  s t r u c t u r e s  w ith  an  I n t e r n a l  
c o re  o f  m a te r i a l  s i m i l a r  t o  a p p e a ra n c e  t o  th e  d e n se  a r e a s  
w ere o b se rv e d  a t t a c h e d  t o  t h e  c e l l  membrane (F ig u re s  3 6 ) .  
A t a b o u t t h e  same tim e  a  d i f f e r e n t  h e a d - l l k e  s t r u c t u r e  was 
s e e n  n e a r  th e  c e l l  c e n t e r .  T hese h e a d - l l k e  s t r u c t u r e s  
a p p e a re d  em pty o r  p a r t i a l l y  f i l l e d  w ith  d e n se  m a t e r i a l ,  
o f t e n  I n  a  h o l lo w -d ls o  c o n fo rm a tio n  (F ig u re s  3^» 3 ? ) .  In  
c e l l  p r o f i l e s  t h e  o b se rv e d  number o f  h e a d - l l k e  s t r u c t u r e s  
a t t a c h e d  t o  th e  membrane was g e n e r a l ly  low th ro u g h o u t  th e  
r e p l i c a t i v e  c y c le  ( 1 - 3 / c e l l  p r o f i l e ,  T a b le  1 1 ) .  In  r a r e  
c e l l  p r o f i l e s  l a r g e r  num bers o f  th e s e  s t r u c t u r e s  w ere o b se rv e d  
(F ig u re  3 8 ) .  The num bers o f  h e a d - l lk e  s t r u c t u r e s  a t  th e  
c e l l  c e n t e r  in c r e a s e d  t o  a  p o in t  (3 5 -^ 0  m pi) and  th e n  d e c l in e d  
a s  th e  number o f  f i l l e d  h e a d s  (d en se  c e n t e r s )  began  to  
ln o r e a s e  a t  th e  p e r ip h e r y  o f  th e  c e n t r a l  r e g io n  (F ig u re s  35» 
3 6 , 3 8 , T a b le  1 1 ) .  A t th e  p o in t  i n  r e p l i c a t i o n  w here 
f i l l e d  h e a d s  beg an  t o  form  a  t u b u l e - l l k e  s t r u c t u r e  (som etim es 
tw o) was o f te n  o b se rv e d  in  t h e  c e n t r a l  r e g io n  o f  th e  c e l l  
(F ig u re  3 6 ) .  P r i o r  t o  l y s i s  th e  f i l l e d  h e a d s  w ere m ost
Figure 32
F ig u re  33
. BN1 p h a g e - in f e c te d  c e l l  a t  30 mpi in  4SN 
medium w ith  0.*H M N aCl, Dense a r e a s  (1 ) 
n e a r  c e l l  membrane a r e  i n d i c a t e d .  Bar 
e q u a ls  300  nm.
. BN1 p h a g e - in f e c te d  c e l l  a t  35  mpi in  ^SN 
medium w ith  0 ,^ 1  M N aC l. Dense a r e a s  (1 ) 
n e a r  c e l l  membrane a r e  i n d i c a t e d .  Bar 
e q u a ls  300  nm.
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F ig u re  3^» BN1 p h a g e - in f e c te d  c e l l  a t  4-0 mpi in  4-SN 
medium w ith  0.4-1 M NaCl. Dense a r e a s  ( l )  
n e a r  th e  m em brane, em pty h ea d s  a t t a c h e d  to  
th e  membrane (ehm) and  em pty h e a d s  o f f  th e  
membrane (eh o ) a r e  I n d ic a te d .  B ar e q u a ls  
'200 nm.
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Figure 35. BN1 phage-infected cell at 4 5 mpi in ^SN
medium w ith  0,*H M N aCl. The f i n e  f i b r i l l a r  
n u c le o id  a r e a  ( f )  i s  i n d i c a t e d ,  and  s u rro u n d e d  
by  a  n u o le o id  a r e a  com posed o f  c o a r s e r  f i b r i l s  
and  em pty phage h e a d s .  B ar e q u a ls  200 nm.
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F ig u re  3 6 . BN1 p h a g e - in f e c te d  c e l l  a t  4>0 mpi i n  ^SN 
medium w ith  0 .4 l  M N aC l. Empty h e a d s  and  
f u l l  h e ad s  ( f h )  a r e  p r e s e n t  and  2 p o ly h e a d ­
l i k e  s t r u c t u r e s  (ph) a r e  i n d i c a t e d .  Bar 
e q u a ls  200 nm.
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Figure 37. BN1 phage-lnfected cell at 55 mpi in *N3N 
medium with 0.4l M NaCl, The stages In 
head morphogenesis* empty heads on (ehm) 
and off (eho) the membrane* filled heads 
(fh) and a full head attached by Its tall 
to the membrane (ht) are Indicated. Bar 
equals 200 run.
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Table 11. Mean number of the three BN1 phage head interm ediate  
stages observed per c e l l  p r o f ile  a t various times 
a fte r  phage in fe c tio n  in  0.41 M NaCl 4SN. For each 
time 10 c e l l  p r o file s  were counted.
Minutes post­
in fe c tio n
Empty heads 
membrane-attached o ff  membrane
F ull
heads
30 1 9 2
40 3 13 7
45 2 11 30
50 1 9 28
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num erous and  a r r a n g e d  r a d i a l l y  a b o u t th e  c e l l  p e r ip h e ry  
a b o u t one t a l l - l e n g t h  from  th e  c e l l  membrane (F ig u re  3 9 ) .
In  many p r o f i l e s  f i l l e d  h e a d s  w ere o b se rv e d  a t t a c h e d  by 
t h e i r  t a i l s  t o  th e  c e l l  membrane (F ig u re  37» ^ 0 ) .  C e l l  
l y s i s  i s  r e p r e s e n te d  In  F ig u re  *H. A l l  th e  v a r io u s  h e a d -  
l l k e  s t r u c t u r e s  had  th e  same d im e n s io n s  a s  t h e  m a tu re  phage 
h e ad  (T a b le  **). T h ere  was a  s e q u e n t i a l  a p p e a ra n c e  o f  th e  
v a r io u s  in te r m e d ia te  s t r u c t u r e s  in  BN1 r e p l i c a t i o n ,  h o w ev er, 
once a  s t r u c t u r e  a p p e a re d  i t  c o u ld  be  found  In  p r o f i l e s  from  
t h a t  p o in t  on u n t i l  l y s i s .
A t s u b -o p t im a l  NaCl c o n c e n t r a t io n s  ( 0 .1 6  M and  0 .0 6  M 
NaCl) th e  same r e p l i c a t i v e  seq u en ce  was o b se rv e d  (F ig u re s  
^ 2 - ^ 5 ) .  The e f f e c t  o f  lo w e re d  NaCl l e v e l s  was e v id e n t  in  
th e  d e la y e d  a p p e a ra n c e  o f  phage p r e c u r s o r  s t r u c t u r e s  ( lo n g e r  
l a t e n t  p e r i o d ) .  F o r exam ple t h e r e  w ere no i n t r a c e l l u l a r  
s ig n s  o f  BN1 i n f e c t i o n  a t  80 mpi a t  0 .0 6  M N aC l. In  a d d i t i o n  
due t o  d e c re a s e d  a d s o r p t io n  and  s m a l le r  b u r s t  s i z e s  th e  
num ber o f  i n f e c t e d  c e l l s  (o n e /2 0 0  c e l l  p r o f i l e s )  and  th e  
num bers o f  phage p r e c u r s o r  s t r u c t u r e s  p e r  c e l l  p r o f i l e  was 
re d u c e d  a t  th e  lo w e r NaCl l e v e l s  (F ig u re  *1-2, *f*f). A t th e  
lo w er NaCl v a lu e s  p la s m o ly s ls  I d e n t i c a l  t o  t h a t  o b se rv e d  
i n  u n in f e c te d  c e l l s  was e v id e n t  in  t h e  p h a g e - in f e c te d  c e l l s  
(F ig u re s  *f2-*4-5).
IX . BN6 I n f e c t i o n .
The BN6 phage r e p l i c a t e d  b e s t  a t  0 .1 6  M N aCl, a  l e v e l  
l e s s  th a n  o p tim a l  f o r  th e  h o s t  c e l l ,  and  p la s m o ly s ls  was
F ig u re  3 8 . BN1 p h a g e - in f e c te d  c e l l  a t  45 mpi i n  4SN
medium w ith  0 .4 l  M N aCl. l a r g e  num bers o f  
m em b ra n e -a tta ch ed  em pty h ea d s  (ehm) a r e  
p r e s e n t  in  t h i s  c e l l  p r o f i l e .  Bar e q u a ls  
200 nm.
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t h e r e f o r e  e v id e n t  d u r in g  BN6 r e p l i c a t i o n  (F ig u r e s  *F?, **9.
5 5 ) .  A t y p i c a l  BN6 r e p l i c a t i v e  seq u en ce  I s  r e p r e s e n te d  by 
F ig u re s  **-6, *1-7, *1-9-52.
The f i r s t  s ig n  o f  I n f e c t i o n  was th e  a p p e a ra n c e  o f  a  
c r y s t a l l i n e  in c lu s io n  a t  a b o u t 2 0 -2 5  mpi (F ig u re  *f6 ) .  Empty 
h e a d s  w ere v i s i b l e  a t  a b o u t 30-35  m p l, a t  w h ich  tim e  th e  
c r y s t a l l i n e  I n c lu s io n s  w ere g e n e r a l l y  r e c t a n g u l a r  in  b o th  
t r a n s v e r s e  and l o n g i t u d i n a l l y  s e c t io n e d  c e l l s ,  im p ly in g  t h a t  
t h e i r  sh ap e  was c u b o id a l  and  in  some c a s e s  a  p e r i o d i c i t y  
was e v id e n t  in  th e s e  c r y s t a l s  (F ig u re s  ^ 7 , ^9* 5 3 , 5*0 .
The c u b o id a l- s h a p e d  c r y s t a l s  w ere unchanged f o r  th e  re m a in d e r  
o f  t h e  r e p l i c a t i v e  seq u en ce  and  a p p a r e n t ly  w ere r e l e a s e d  
upon c e l l  l y s i s  (F ig u re  5 2 ) .  The em pty h ead  d ia m e te r  was 
a b o u t 60 nm ( th e  same a s  m a tu re  phage h ea d s  s e e  T a b le  2 ) 
and  w i th in  th e  em pty h ead  was a  c e n t r a l  c o re  s t r u c t u r e  w ith  
a  c ia m e te r  o f  30 nm (F ig u re  *1-8-50), The em pty h e a d s  w ire  
o f t e n  se e n  In  c l u s t e r s  a ro u n d  r ib o s o m e - f r e e  a r e a s  (F ig u re s  
*1-8-51). At a b o u t 40  mpl p a r t i a l l y - f i l l e d  h e a d s  w ith o u t  
c o r e s  and  f i l l e d  h e a d s  w ere o b se rv e d  (F ig u re s  50* 51* 5 3 ) .
L y s is  o c c u r re d  a t  a b o u t 55 ®pi (F ig u re  5 2 ) .  The v a r i a t i o n s  
i n  l a t e n t  p e r io d  and  b u r s t  s i z e  w hich  o c c u r re d  a t  NaCl 
l e v e l s  above  an d  below  th e  o p tim a l  l e v e l  (0 .1 6  M NaCl) w ere 
e v id e n t  u l t r a s t r u c t u r a l l y  a s  d e la y s  in  th e  a p p e a ra n c e  o f  
th e  v a r io u s  I n te rm e d ia te  phage s t r u c t u r e s  and  a s  d e c re a s e d  
am ounts o f  c r y s t a l s  and  phage h e a d s  o b se rv e d  in  c e l l  p r o f i l e s  
( F ig u re  5 3 ) .  The seq u en ce  o f  r e p l i c a t i o n  h o w ev er, was th e  
same a t  a l l  NaCl c o n c e n t r a t io n s  (F ig u re s  5 3 -5 5 ) .  An i n t e r e s t i n g
F ig u re  3 9 . BN1 p h a g e - In f e c te d  c e l l  a t  50 mpl In  4-SN
medium w ith  0 .4 l  M N aC l. l a r g e  num bers o f  
f u l l  h e a d s  r a d i a l l y  a r r a n g e d  a b o u t th e  c e l l  
p e r ip h e r y  a b o u t one t a l l  l e n g th  from  th e  
c e l l  membrane a r e  p r e s e n t  In  t h i s  c e l l  
p r o f i l e .  B ar e q u a ls  200 nm.
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F ig u re  JfO. BN1 p h a g e - in f e c te d  c e l l  a t  65 mpi i n  4SN 
medium w ith  0 .^ 1  M N aC l. A f i l l e d  head  
a t t a c h e d  by  i t s  t a i l  t o  th e  c e l l  membrane 
( h t )  i s  I n d ic a te d .  B ar e q u a ls  100 nm.
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F ig u re  4 1 . L y s in g  BN1 phage I n f e c te d  c e l l  a t  60 mpl In  
4SN medium w ith  0 .4 1  M N aC l. Bar e q u a ls  
200 nm.
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F ig u re  4 2 . BN1 p h a g e - in f e c te d  c e l l  a t  60 mpi in  4SN 
medium w ith  0 .1 6  M N aC l. P la s m o ly s is  i s  
e v id e n t  y e t  th e  n o rm a l d e v e lo p m e n ta l 
s t r u c t u r e s ,  d e n se  a r e a  n e a r  th e  m em brane, 
em pty h e a d s  on and  o f f  th e  membrane and  
f u l l  h e ad s  a r e  p r e s e n t .  B ar e q u a ls  200 nm.
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F ig u re  U-J, BN1 p h a g e - in f e c te d  c e l l  a t  60 mpi in  ^SN 
medium w ith  0 .1 6  M N aC l. A p o ly h e a d - l ik e  
s t r u c t u r e  (p h ) and  m e m b ra n e -a tta ch ed  em pty 
head  (ehm) a r e  i n d i c a t e d .  B ar e q u a ls  100 nm.
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F ig u re  BN1 p h a g e - In f e c te d  c e l l  a t  130 mpi in  4SN
medium w ith  0 .0 6  M N aC l. P la s m o ly s is  i s  
e v id e n t  y e t  n o rm a l head  I n te rm e d ia te  
s t r u c t u r e s  a r e  p r e s e n t .  Bar e q u a ls  200 nm.
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F ig u re  k 5 ,  BN1 p h a g e - in f e c te d  c e l l  a t  130 mpi in  4-SN
medium w ith  0 ,0 6  M N aCl. M em b ran e-a ttach ed  
em pty h e ad s  (ehm) a r e  i n d i c a t e d .  B ar e q u a ls  
200 nm.
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12 4-
phenomenon o o o u rre d  a t  0 ,0 6  M N aC l. A t 90 mpi o n ly  u n in ­
f e c t e d  c e l l s ,  c e l l s  w ith  c r y s t a l s ,  and  e x t r a o r d i n a r i l y  
l a r g e  num bers o f  ly s e d  c e l l s ,  w ere o b s e rv e d . Not one c e l l  
p r o f i l e  o f  a b o u t 700  exam ined was fo u n d  In  w hich  h ead  
s t r u c t u r e s  (em pty o r  f u l l )  w ere p r e s e n t .  I t  may be  t h a t  a t  
0 .0 6  M N aC l, a t  th e  s ta g e  in  r e p l i c a t i o n  w here c r y s t a l s  have 
form ed an d  phage h e a d s  a r e  b e g in n in g  t o  fo rm , th e  c e l l s  
becam e f r a g i l e  t o  th e  c o n d i t io n s  o f  f i x a t i o n  and  ly s e d  p r e ­
m a tu re ly .  The d i s t i n c t i v e  n a tu r e  o f  th e  ly s e d  m a t e r i a l ,  
was o n ly  o b se rv e d  u n d e r th e s e  c o n d i t io n s  (F ig u re  5 6 ) .
G lu te r a ld e h y d e - f lx e d ,  m e th a c r y la te  em bedded, BN6- 
i n f e c t e d  c e l l s  (70 mpl ^SN medium w ith  0 .1 6  M N aC l), t r e a t e d  
w i th  s e v e r a l  enzym es, w ere exam ined t o  d e te rm in e  th e  c h e m ic a l 
n a tu r e  o f  th e  c r y s t a l - l i k e  i n c l u s i o n s .  The c r y s t a l s  o f  un­
t r e a t e d  s e c t io n s  k e p t  in  b u f f e r  f o r  2 h o u rs  a p p e a re d  e s s e n t i a l l y  
th e  same a s  th o s e  i n  s e c t io n s  t r e a t e d  w ith  RNase o r  DNase o r  
an  RNAse-DNAse m ix tu re  f o r  2 h o u rs  and  i n  b o th  c a s e s  c r y s t a l s  
w ere o b se rv e d  in  1 o u t o f  e v e ry  2 0 -2 5  c e l l  p r o f i l e s  (F ig u re  
57 . 58 , T a b le  1 2 ) .  T here  was some d i g e s t i o n  o f  m a t e r i a l  p r e ­
sum ably  RNA and  DNA from  th e  R N A se-D N A se-treated s e c t io n s  
(F ig u re  5 8 ) .  T rea tm e n t w ith  p r o te a s e  f o r  15 m in u te s  c a u se d  
v e r y  l i t t l e  change  from  th e  c o n t r o l  c o n d i t io n .  A f te r  30 
m in u te s  i n  p r o te a s e  th e  c r y s t a l s  w ere p r e s e n t  in  o n ly  1 o f  
e v e ry  3 0 -5 0  c e l l  p r o f i l e s  a n d , a f t e r  m in u te s  i n  p r o te a s e ,  
c r y s t a l s  w ere p r e s e n t  i n  1 in  e v e ry  200 c e l l  p r o f i l e s  (F ig u re s  
59 , 6 0 ) .  The c r y s t a l s  w ere n o t  o b s e rv e d  in  c e l l  p r o f i l e s  
(a b o u t 1000 exam ined ) a f t e r  60 m in u te s  i n  p r o te a s e  (T a b le  1 2 ) .
F ig u re  ^ 6 . BN6 p h a g e - in f e c te d  c e l l  a t  25 mpi i n  ^SN 
medium w ith  0 .1 6  M N aC l. P la s m o ly s is  i s  
e v id e n t  a s  in v a g in a t io n s  o f  th e  c e l l  membrane 
(ml)  an d  m em brane-w all s e p a r a t i o n s  and  
c r y s t a l l i n e  m a t e r i a l  ( c r )  i s  b e g in n in g  to  
a c c u m u la te . Bar e q u a ls  200 run.
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Figure 4?
F ig u re  48
. BN6 p h a g e - in f e c te d  c e l l  a t  40 mpi In  4SN 
medium w ith  0 ,1 6  M N aCl, C om pleted c u b o id  
c r y s t a l  ( c r )  an d  em pty h e a d s  (eh )  a r e  i n ­
d i c a t e d .  B ar e q u a ls  100 nm.
. BN6 p h a g e - in f e c te d  c e l l  a t  40 mpl in  4SN 
medium w ith  0 ,1 6  M N aC l, C o re - c o n ta in in g  
em pty h e a d s  ( eh)  a t  th e  p e r l f e r y  o f  a  r ib o so m e -  
f r e e  r e g io n  o f  th e  c e l l  a r e  i n d i c a t e d .  Bar 
e q u a ls  100 nm.
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F ig u re  ^ 9 . BN6 p h a g e - in f e c te d  c e l l  a t  50 m pi in  4SN 
medium w ith  0 .1 6  M N aC l. P la s m o ly s is  i s  
e v id e n t  an d  a  c o m p le te  c r y s t a l  ( c r )  and  
s e v e r a l  em pty h e a d s  ( eh )  a r e  i n d i c a t e d .  
Bar e q u a ls  100 nm.
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F ig u re  5 0 . BN6 p h a g e - in f e c te d  c e l l  a t  55 mpi in  ^SN 
medium w ith  0 ,1 6  M N aC l. S e v e ra l  em pty 
h e a d s  ( eh )  s ti r  ro u n d in g  a  r ib o s o m e - f r e e  a r e a  
and  s e v e r a l  f u l l  h e a d s  ( f h )  a r e  i n d i c a t e d .  
B ar e q u a ls  200 nm.
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F ig u re  5 1 . BN6 p h a g e - In f e c te d  c e l l  a t  60 mpl In  4SN
medium w ith  0 .1 6  M N aC l. L arge  num bers o f  
em pty h e a d s  ( eh)  an d  f u l l  h e a d s  ( f h )  a r e  
I n d ic a te d  and  th e  r ib o so m e s  a r e  o b se rv ed  
p r im a r i l y  a ro u n d  th e  c e l l  p e r ip h e r y .  B ar 
e q u a ls  300  nm.
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F ig u re  5 2 . Lysed BN6 p h a g e - I n f e c te d  c e l l  a t  65 mpi in  
4SN medium w ith  0 .1 6  M N aC l. A c u b o id  
c r y s t a l  ( c r )  re m n a n ts  o f  th e  c e l l  e n v e lo p e  
an d  num erous p h ag es  a r e  p r e s e n t .  B ar e q u a ls  
200 nm.
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Figure 53
F ig u re  5^
BN6 p h a g e - in f e c te d  c e l l  a t  70 mpi in  ^SN 
medium w ith  0 .4 l  M N aCl. The u s u a l  i n t e r ­
m e d ia te  s t r u c t u r e s ,  em pty h e a d s ,  f u l l  h e a d s  
( f h )  an d  a  c u b o id  c r y s t a l  a r e  p r e s e n t .
T here  i s  no e v id e n c e  o f  p la s m o ly s is .  B ar 
e q u a ls  100 nm.
, BN6 p h a g e - in f e c te d  c e l l  a t  110 mpi in  JfSN 
medium w ith  0 .4 l  M NaCl, A c r y s t a l  show ing 
a  r e g u l a r  p e r i o d i c i t y  i s  p r e s e n t .  B ar e q u a ls  
100 nm.
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F ig u re  5 5 . BN6 p h a g e - in f e c te d  c e l l  a t  90 mpi in  4SN
medium w ith  0 ,0 6  M N aC l. C e l l  i s  p la sm o ly zed  
y e t  c u b o id  c r y s t a l  ( c r )  i s  p r e s e n t .  Bar 
e q u a ls  100 nm.
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F ig u re  56 . Rem nants o f  ly s e d  BN6 p h a g e - in f e c te d  c e l l  
a t  90 mpi in  4-SN medium w ith  0 .0 6  M N aCl. 
C r y s ta l s  ( c r )  a r e  i n d i c a t e d  and  c e l l  en v e lo p e  
m a t e r i a l  d o es  n o t  show t r i - l a y e r e d  a p p e a ra n c e  
a s  i s  F ig u re  52 . B ar e q u a ls  200 nm.
1*H
h
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X, E f f e c t s  o f  Lowered T e m p e ra tu re s ,
When B, n a t r le g e n s  was grown a t  17 C r a t h e r  th a n  27 C, 
a  m arked d e c r e a s e  In  th e  g row th  o f  th e  b a c te r iu m  o c c u r re d  
(F ig u re  6 1 ) ,  A s im i l a r  e f f e c t  on phage r e p l i c a t i o n  was 
o b s e rv e d  when o n e - s te p  g ro w th  s tu d i e s  w ere c o n d u c te d  a t  
17 I n s te a d  o f  27 C. F o r b o th  BN1 and BN6 p h a g e s , e x tre m e ly  
lo n g  l a t e n t  p e r io d s  and  re d u c e d  b u r s t  s i z e s  o c c u rre d  so  t h a t  
th e  r a t e s  o f  phage s y n th e s i s  showed d ra m a tic  d e c r e a s e s  (T ab le  
1 3 ) .  For th e  BN1 phage th e  r a t e  o f  s y n th e s i s  d e c re a s e d  9^% 
an d  f o r  th e  BN6 phage th e  r a t e  d e c r e a s e  was 7&% (T ab le  1 3 ) .
In  th e  f i e l d ,  te m p e ra tu re  d e c r e a s e s  g r e a t e r  th a n  20 G o c c u r  
from  summer t o  w in te r  and  h o s t  an d  phage f u n c t io n s  w ould 
t h e r e f o r e  be  e x tre m e ly  low a t  w in te r  te m p e r a tu r e s .
X I, E f f e c t s  o f  A n ae ro b ic  C o n d it io n s .
B. n a t r l e g e n s  i s  a  f a c u l t a t i v e  a n a e ro b e  and  grew  u n d e r 
a n a e ro b ic  c o n d i t io n s  when g lu c o s e  was added  to  th e  4SN 
medium. Growth a n a e r o b ic a l ly  was p r o p o r t io n a l  t o  th e  am ount 
o f  g lu c o s e  ad d ed  to  th e  medium, how ever i t  was a lw a y s  p o o re r  
th a n  a e r o b ic  g row th  (F ig u re  6 2 ) .  B oth  th e  BN1 and  BN6 p h ag es  
w ere  a b le  t o  r e p l i c a t e  u n d e r a n a e ro b ic  c o n d i t io n s .  The r a t e  
o f  BN1 phage p r o d u c t io n  was o n ly  s l i g h t l y  re d u c e d  a n a e r o b ic a l ly  
a l th o u g h  th e  l a t e n t  p e r io d  o f 80 m in u te s  was lo n g e r  th a n  
r e p l i c a t i o n  a e r o b i c a l l y  in  th e  same medium (T ab le  14 ) .  In  
c o n t r a s t  th e  BN6 phage showed a  d r a s t i c  r e d u c t io n  ( 97%) in  
th e  r a t e  o f  phage p r o d u c t io n  u n d e r a n a e ro b ic  c o n d i t io n s  
(T a b le  1 4 ) .
F ig u re s  5 7-60 .  T h in  s e c t io n s  o f  g lu te r a ld e h y d e - f ix e d
g ly c o l  m e th a c ry la te -e m b e d d e d , BN6 p h ag e - 
in f e c t e d  c e l l s  a t  70 mpl in  f^SN medium 
w ith  0 .1 6  M N aCl.
F ig u re  57 shows a  c e l l  w i th  c r y s t a l s  a f t e r  t r e a t ­
ment w ith  b u f f e r  f o r  2 h o u rs  a t  37 C.
F ig u re  58 shows a  c e l l  w i th  a  c r y s t a l  a f t e r  t r e a t ­
ment w ith  a  DNAse-RNAse m ix tu re  f o r  2 
h o u rs  a t  37 C.
Figure 59 shows a cell with a crystal after treat­
ment with protease for 30 minutes at 37 C.
F ig u re  60 shows a  c e l l  a f t e r  t r e a tm e n t  w ith  p r o te a s e  
f o r  45 m in u te s  a t  37 C w ith  a n  a r e a  w hich 
may hav e  b ee n  a  c r y s t a l .  A l l  m ic ro g ra p h s  
a r e  a t  th e  same m a g n i f ic a t io n  and  th e  b a r  
e q u a ls  bOO nm.
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Table 12. Frequency of occurrence of c r y s ta ls  in  th in  sec tio n s  
of g lu tera ld eh yd e-fixed , g ly co l methacrylate-embedded, 
BN6 phage-infected c e l l s  (70 mpi) a f te r  treatment of 
varied duration with severa l enzymes. A minimum 
o f 500 c e l l  p r o f ile s  were examined for  each treatm ent.
Treatment Duration 
(m in .)
Frequency of C rystals 
in  C ell P ro file s
Untreated 
(Buffer only)
120 1/20-25
RNAse 120 1/20-25
DNAse 120 1/20-25
Protease 15 1/20-25
30 1/30-50
45 1/200
60 none observed
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X II .  H ost Genome D e g ra d a tio n .
To t e s t  th e  e f f e c t i v e n e s s  o f  th e  f i l t e r  r e t e n t i o n  
m ethod one s e t  o f  d u p l i c a t e  sam p les  o f  B, n a t r le g e n s  c e l l s  
w ith  t r l t l a t e d - t h y m l d i n e - l a b e l e d  DNA was c o l l e c t e d  and  
c o u n te d  an d  1 9 8 ,9 0 0  cpm w ere o b s e rv e d . In  th e  d u p l i c a t e  
s e t  o f  sam p les  w hich  was d ig e s te d  w ith  DNAse p r i o r  to  
c o u n t in g  o n ly  4 2 ,6 1 0  cpm w ere o b s e rv e d . T h is  I n d ic a te d  
t h a t  79# o f  t h e  l a b e le d  DNA was d eg ra d e d  to  th e  p o in t  t h a t  
th e  m a t e r i a l  was n o t  r e t a i n e d  on th e  f i l t e r .
When l a b e le d  c e l l s  w ere t r a n s f e r r e d  and  grown In  
u n la b e le d  medium, th e  am ount o f  l a b e l e d  DNA d e c re a s e d  
g r a d u a l ly  d u r in g  th e  60 m in u te  sa m p lin g  p e r io d  (F ig u re  6 3 ) .  
The d e c r e a s e  In  l a b e le d  was l i k e l y  th e  r e s u l t  o f  I n c o r ­
p o r a t io n  o f  u n la b e le d  p r e c u r s o r s  I n to  h o s t  DNA s y n th e s iz e d  
a s  t h e  c e l l s  grew In  th e  u n la b e le d  medium. When th e  
l a b e le d  c e l l s  w ere t r a n s f e r r e d  t o  u n la b e le d  medium and  
in f e c t e d  w ith  BN1 p h ag e , th e  l e v e l  o f  l a b e l  re m a in ed  c o n s ta n t  
f o r  a b o u t 20 m in u te s  and  th e n  g r a d u a l ly  d e c l in e d  (F ig u re  
6 3 ) .  In  B N l- in fe c te d  c e l l s  th e  l e v e l  o f  l a b e l  rem a in ed  
c o n s ta n t  f o r  a b o u t 25 m in u te s ,  th e n  d e c l in e d  s h a r p ly  t o  a  
minimum a t  40 mpl an d  r o s e  a g a in  t o  th e  o r i g i n a l  l e v e l  by 
60 m pl (F ig u re  6 3 ) .
The o o n s ta n t  l e v e l  o f  l a b e le d  DNA In  th e  p h a g e - In f e c te d  
c e l l s  In  c o n t r a s t  t o  th e  g r a d u a l  d e c re a s e  i n  th e  u n in f e c te d  
c e l l s  I n d ic a te d  t h a t  h o s t  DNA s y n th e s i s  d id  n o t  o c c u r  a f t e r  
phage I n f e c t i o n  (no new DNA made from  u n la b e le d  p r e c u r s o r s ) .  
A f te r  BN1 o r  BN6 phage i n f e c t i o n ,  th e  h o s t  DNA a p p a r e n t ly
F ig u re  61 . Growth o f  B. n a t r l e g e n s  (m easured  by  in c r e a s e  
o f  a b s o rb a n c e  a t  580 mji) i n  4SN medium w ith  
0 .2 5  M NaCl a t  27 C and  17 C.
A
BS
O
R
BA
N
C
E 
at 
58
0 
m
#
1 .0 - I
0 . 1-
• ---------- •  BN 2 7  °C
O----------- O BN 17°C
.01
0  I 2 3 4 5 6 7 8
E L A P S E D  T IM E  (hrsO
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Table 13. R esults of one-step  growth experiments for  BN1 
and BN6 phages conducted in  0.25M NaCl 4SN 
medium a t  27 and 17°C. Burst s iz e  (p fu /c e l l ) ,  
la te n t  period (m inutes), and rate o f phage 
production (p fu /ce ll/m in u te  la te n t  period) are 
in d ic a ted .
T e m p e r a t u r e Phage BN1 Phage BN6
(°C) Burst Latent Rate Burst Latent Rate
 s iz e  period___________ s iz e ____ period_________
27 520 45 11.5 500 55 9 .1
17 115 170 0 .7  27 120 0.2
F ig u re  62 . Growth o f  B. n a t r l e g e n s  ( in c r e a s e  in
a b s o rb a n c e  a t  580 nyu) in  a n a e r o b ic  medium 
(AM) w ith  1% g lu c o s e  growh e i t h e r  a e r o b i c a l l y ,  
o r  a n a e r o b i c a l l y .  A n ae ro b ic  g ro w th  o f  B. 
n a t r le g e n s  in  AM w ith  0,5% g lu c o s e ,  and  in  
AM w ith o u t  g lu c o s e ,  a r e  a l s o  shown. A ll  
e x p e r im e n ts  w ere c o n d u c te d  a t  27 C.
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Table 14. R esults of one-step  growth experiments for  BN1 and 
BN6 phages conducted in  0.25M NaCl AM at 27°C 
under aerobic and anaerobic co n d itio n s . Burst 
s iz e  ( p fu /c e l l ) ,  la te n t  period (m inutes), and rate 
of phage production (p fu /ce ll/m in u te  la te n t  period) 
are in d ica ted .
C o n d i t i o n s Phage BN1 Phage BN6
Burst Latent Kate Burst Latent Kate 
 s iz e  period s iz e  period_________
Aerobic 600 55 10 .9  2700 50 54.0
Anaerobic 800 80 10.0  110 80 1 .4
F ig u re  63 . F a te  o f  t r i t i a t e d  th y m id in e - la b e le d  DNA 
in  B. n a t r le g e n s  c e l l s  a f t e r  t r a n s f e r  t o  
u n la b e le d  medium an d  a f t e r  t r a n s f e r ,  an d  
i n f e c t i o n  w ith  e i t h e r  th e  BN1 o r  BN6 p h a g e s . 
A i l  e x p e r im e n ts  w ere co n d u c ted  a t  27 C in  
ij-SN medium w ith  0 .2 5  M N aCl.
15*
cpm
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rem a in ed  l n t a o t  f o r  a b o u t th e  f i r s t  h a l f  o f  th e  l a t e n t  
p e r io d  (F ig u re  6 3 ) .
DISCUSSION
I ,  The E x t r a c e l l u l a r  B a c te r io p h a g e s .
A. M orphologyi
The u se  o f  e l e c t r o n  m ic ro so o p y  and  th e  n e g a t l v e - s t a l n  
te c h n iq u e  (B ren n e r and  H orne, 1959) h a s  made p o s s ib le  th e  
r a p i d  p r e l im in a r y  c l a s s i f i c a t i o n  o f  b a c te r io p h a g e s  on th e  
b a s i s  o f  t h e i r  m orpho logy . B ra d le y  (1967)* p ro p o sed  a  c l a s s ­
i f i c a t i o n  schem e composed o f  s i x  c a t e g o r i e s .  Group A p h ag es  
h av e  h e x a g o n a l a p p e a r in g  h ea d s  and  t a i l s  su rro u n d e d  by a  
c o n t r a c t i l e  s h e a th e  Group B p h ag es  have h e x a g o n a l h e ad s  
and  lo n g  n o n - c o n t r a c t l i e  t a i l s  w ith o u t  s h e a th s  (may be r i g i d  
o r  f l e x i b l e ) .  G roup C p h ag es  h av e  h e x a g o n a l h e a d s  w ith  
n o n - c o n t r a c t l i e  t a i l s  s h o r t e r  th a n  th e  h ead  d ia m e te r .  Group 
D p h ag es  have h e x a g o n a l h e a d s  w ith  a  l a r g e  capsom ere  a t  each  
ap ex  o f  th e  hexagon  and h av e  no t a i l .  G roup E p h ag es  have 
h e x a g o n a l h e a d s  w ith o u t  l a r g e  c a p so m e re s . Group P p hages 
a r e  lo n g  f l e x i b l e  f i l a m e n t s .  T ikhonenko  (1 9 7 0 ), In  h e r e  
c l a s s i f i c a t i o n ,  u sed  th e  same g ro u p s  b u t  com bined g ro u p s  
D & E on th e  b a s i s  t h a t  th e  l a r g e  cap so m eres  o f  g roup  D 
p h ag es  and  a  s in g l e  d i s t i n c t  capsom ere o f  g ro u p  E p h ag es  w ere 
a n a lo g o u s  t o  a  phage t a i l .
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The B eneokea p h ag es  I s o l a t e d  In  t h i s  s tu d y  w ould be 
p la c e d  In  g ro u p s  A, B and  C an d  t h e r e f o r e  a r e  c l a s s i f i e d  th e  
same In  b o th  sch em es. F o r c o n v e n ie n c e , th e  p h ag es  w i l l  be 
r e f e r r e d  t o  u s in g  B r a d le y 's  (1967) c l a s s i f i c a t i o n  schem e.
The m orphology  o f  th e  B eneokea p h ag es  was n o t  u n iq u e ly  
d i f f e r e n t  from  p h ag es  o f  n o n -m a rin e  b a c t e r i a  (F ig u re s  2-9» 
T a b le  * 0 . Based on t h e i r  s i z e  and  s t r u c t u r e  th e s e  phages 
a r e  a l l  l i k e l y  t o  c o n ta in  d o u b le - s t r a n d e d  DNA (B ra d le y , 1 9 6 7 ). 
Phages BN1, BN2, and  BN5, h av e  c o n t r a c t i l e ,  s h e a th e d  t a i l s  and  
b e lo n g  in  g roup  A (B ra d le y , 1 9 6 7 ) . Phage BN1 (F ig u re  2 ) in  
g e n e r a l  m orphology  i s  s i m i l a r  t o  th e  T -even  c o l ip h a g e s  b u t  
d i f f e r s  in  t h a t  I t  h a s  a  m ore e lo n g a te  h e a d . The BN1 head  
d im e n s io n s  a r e  120 x  70 nm (T a b le  *0 an d  th e  ra n g e  o f  head  
d im e n s io n s  f o r  T -ev en  c o l ip h a g e s  i s  95 -100  1  6 0 -8 0  nm 
(T ik h o n en k o , 1 9 7 0 ) . Phage BN2 (F ig u re  3» T ab le  *0 re se m b le s  
a  phage  o f  F u so b a o te r lu m  svtnblosum  a  s t r i c t  a n a e ro b e  i s o l a t e d  
from  th e  h in d  g u t  o f  a  c o c k ro a c h  (F o g le so n g  and M ark o v e tz , 
197*0 . A phage s im i l a r  t o  BN2 b u t  h a v in g  s m a l le r  d im e n s io n s  
was r e p o r t e d  f o r  t h e  ex trem e h a lo p h i l e  H a lo b ao te rlu m  s a lin a ru m  
(T o rs v ik  and  D undas, 197*0. Phage BN5 (F ig u re  61 T a b le  *0 
was s i m i l a r  t o  th e  E l phage o f  E s c h e r ic h ia  c o l l  (B ra d le y , 
1 9 6 7 ) .
The BN** phage  (F ig u re  5s T a b le  *0 w ould be a  g ro u p  A 
ty p e  i f  i t s  t a i l  is  c o n t r a c t i l e ,  i f  n o t ,  i t  w ould b e lo n g  in  
g ro u p  B. S im i la r  p h ag es  w ith  v e r t e b r a l - l i k e  t a i l s  have 
p r e v io u s ly  o n ly  b een  r e p o r t e d  f o r  G ra m -p o s itiv e  b a c t e r i a  
( R a u te n s te ln  e t  a l . , 1962; Twarog and  B lo u se , 19681 D entan
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e t  a l . , 1 9 7 0 i Ackermann e t  a l . ,  1 9 7 3 ). The BN*!- phage i s  
t h e r e f o r e  th e  f i r s t  phage o f  t h i s  ty p e  t o  h e  r e p o r t e d  a c t i v e  
a g a i n s t  a  G ram -n eg a tiv e  h o s t .  The fo u r -p ro n g e d  b a s e  p l a t e  
o f  th e  BN*!- phage d i f f e r s  from  th o s e  r e p o r t e d  f o r  th e  p h ag es  
o f  G ra m -p o s it iv e  b a c t e r i a  and  may r e f l e c t  d i f f e r e n c e s  in  
th e  c e l l  e n v e lo p e  r e c e p t o r  s i t e s  o f  i t s  G ram -n eg a tiv e  h o s t .
Phage BN3 (F ig u re  Iff T ab le  *0 a p p a r e n t ly  b e lo n g s  in  
g ro u p  B. W hile s im i l a r  t o  o th e r  p h ag es  o f  th e  g ro u p  (se e  
T lk h o n en k o , 1970) i t s  r i n g - l i k e  s t r u c t u r e  n e a r  th e  b a se  o f  
th e  t a i l  i s  somewhat u n iq u e . The BN6 phage (F ig u re  7t  
T a b le  *!-) h a s  a  t a i l  w hich i s  s h o r t e r  th a n  i t s  head  d ia m e te r  
and  i s  t h e r e f o r e  a  g ro u p  C p h ag e . I t  re s e m b le s  P22 and  Sd 
p h ag es  o f  S a lm o n e lla  ty p h lm u rlu m  (A nderson , I9 6 0 ; Yamamoto 
and  A nd erso n , 1 9 6 lj  T lkh o n en k o , 1 9 7 0 ).
B. E f f e c t s  o f  te m p e ra tu re !
S p en ce r (1 9 6 3 ) s u g g e s te d  t h a t  m a rin e  p hages m ig h t be 
d i s t i n g u i s h e d  from  t e r r e s t r i a l  p h ag es  by  t h e i r  re d u c e d  
t o l e r a n c e  f o r  h ig h  te m p e r a tu r e s .  The m arin e  p h ag es  I s o l a t e d  
by  S p en ce r (1 9 6 3 ) w ere c o m p le te ly  o r  m ark ed ly  i n a c t i v a t e d  
w i th in  one h o u r  a t  55 C. T e r r e s t r i a l  p h ag es  g e n e r a l l y  a r e  
n o t  i n a c t i v a t e d  a f t e r  one h o u r a t  60 C. O th e r s tu d i e s  by 
C h a in s  (1 9 6 5 ), H ldaka (1972) K akim oto and  N agatom i (1972) 
and  Keynan e t  a l .  (197*0 showed t h a t  t h e r e  a r e  m arin e  p h ag es  
w i th  h e a t  i n a c t i v a t i o n  p r o p e r t i e s  s im i l a r  to  th o s e  o f  
t e r r e s t r i a l  p h a g e s . B eneckea phage BN6 was m ark ed ly  i n a c t i ­
v a te d  a t  50 C1 how ever, th e  BN1 phage showed o n ly  s l i g h t  
i n a c t i v a t i o n  a t  t h i s  te m p e ra tu re  ( F ig s .  1 5 -1 6 ) .  S in c e  th e
l6 o
h e a t  t o l e r a n c e  o f  many m a rin e  p h ag es  i s  g r e a t e r  th a n  
S p en ce r (1963) a n t i c i p a t e d ,  and  n o t  u n l ik e  th e  v a lu e s  
r e p o r t e d  f o r  t e r r e s t r i a l  p h a g e s , I n a c t i v a t io n  te m p e ra tu re  
I s  n o t  a  good c r i t e r i o n  f o r  d i s t i n g u i s h i n g  m a rin e  p h a g e s .
In  a d d i t i o n ,  th e  I n a c t i v a t i o n  te m p e ra tu re s  a r e  g e n e r a l ly  
to o  h ig h  t o  o c c u r  n a t u r a l l y  in  m a rin e  en v iro n m e n ts  and 
t h e r e f o r e  i n a c t i v a t i o n  by e le v a te d  te m p e ra tu re s  i s  n o t  
l i k e l y  t o  h e  a  s e l e c t i v e  f a c t o r  f o r  m arin e  b a c te r io p h a g e s .
C. E f f e c t s  o f  io n ic  e n v iro n m e n ti
A c h a r a c t e r i s t i c  f e a t u r e  o f  m arin e  w a te r s  i s  th e  
p re s e n c e  o f  s a l t s .  Io n ic  r e q u ire m e n ts  f o r  phage s t a b i l i t y  
o r  a c t i v i t y  c o u ld  t h e r e f o r e  be  a  d i s t i n c t i v e  p r o p e r ty  o f 
m arin e  p h ag es  and  th e s e  r e q u ire m e n ts  c o u ld  l i m i t  th e  p h ag es  
t o  m a rin e  w a te r s .  S tu d ie s  o f  m a rin e  p h ag es  hav e  shown them  
t o  be s t a b l e  in  s t e r i l e  s e a  w a te r  (S p e n c e r , 1963» Chen e t  
a l . r 19661 K akim oto and  N agatom i, 1 9 7 2 ) . Chen e t  a l .  (1 9 6 6 ) 
r e p o r t e d  t h a t  two o f  S p e n c e r ’ s p h ag es  (NCMB 38^  and  385) 
showed low  v i a b i l i t y  in  d i s t i l l e d  w a te r  (10# )  an d  r e q u i r e d  
b o th  Na+ an d  Mg2+ io n s  f o r  r e t e n t i o n  o f  p a r t i a l  v i a b i l i t y .  
Keynan e t  a l .  (197*0 showed t h a t  th e  m a rin e  t r a n s d u c in g
O X
phage h v -1  o f  B eneckea h a n re v i  r e q u i r e d  NaCl a s  w e l l  a s  Ca 
and  Mg f o r  s t a b i l i t y .  The B eneckea p h ag es  BN1 and  BN6 
w ere s t a b l e  in  s t e r i l e  e s tu a r i n e  w a te r  (P ig .  13-1*0 in  **SN 
medium a t  v a r io u s  NaCl c o n c e n t r a t io n s  a s  w e l l  a s  in  a u to c la v e d  
pond w a te r  (F ig u re  1 2 ) .  Phage BN1 was s t a b l e  in  d i s t i l l e d  
w a te r  and  o n ly  phage BN6 was i n a c t i v a t e d  in  d i s t i l l e d  w a te r
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(F ig u re  1 2 ) .  The io n ic  r e q u ire m e n ts  o f  m arin e  p h ag es  f o r  
s t a b i l i t y  a r e  v a r i a b l e ,  r a n g in g  from  t r a c e  l e v e l s ,  t o  h ig h e r  
s p e c i f i c  r e q u ire m e n ts  f o r  m o n o v alen t and  d i v a l e n t  c a t i o n s .  
T hese  r e q u ire m e n ts  f o r  s a l t s  may t h e r e f o r e  l i m i t  some p h ag es  
t o  m a rin e  w a te r s ,  how ever, many o th e r  m arin e  p h ag es  a r e  n o t  
l im i t e d  t o  s a l i n e  w a te r s  b y  io n ic  r e q u ire m e n ts  f o r  s t a b i l i t y .  
The B eneckea p h ag es  BN1 and  BN6 a r e  In c lu d e d  In  th e  l a t t e r  
g ro u p  a s  t h e i r  s u r v i v a l  In  pond w a te r  I n d ic a te d  t h a t  th e y  
w ere s t a b l e  a t  f r e s h w a te r  I o n ic  l e v e l s  (F ig u re  1 2 ) .  T hese 
B eneckea p h ag es  w ere more r e s i s t a n t  t o  lo w ered  I o n ic  l e v e l s  
th a n  t h e i r  h o s t  b a c te r iu m  an d  w ould b e  e x p e c te d  t o  re m a in  
a c t i v e  a t  low  s a l i n i t i e s  In  w hich  t h e i r  h o s t  w ould n o t  s u r ­
v i v e .
D. Phage s u r v iv a l  in  n a t u r a l  w a te r s i
The B eneckea p h ag es  w ere i n a c t i v a t e d  when k e p t  in  
f r e s h l y  c o l l e c t e d ,  u n t r e a t e d  e s tu a r i n e  w a te r  w hich  in d ic a te d  
t h a t  some p ro c e s s  o f  phage i n a c t i v a t i o n  o c c u rs  n a t u r a l l y  in  
th e  e s tu a r y  (F ig u re s  1 3 -1 ^ ) ,  T h is  sam e phenomenon h a s  been  
o b se rv ed  b y  o th e r  i n v e s t i g a t o r s  (S p e n c e r , 19631 A h re n s , 1 9 7 1 ). 
T h ere  h av e  b een  s e v e r a l  r e c e n t  s tu d i e s  o f  p o s s ib l e  m echanism s 
by  w hich  t h i s  phage i n a c t i v a t i o n  may o c c u r i  h o w ev er, th e  
m echanism s s t i l l  re m a in  u n c le a r  (C arn ey , 1973» G erb a , 1 9 7 3 ). 
The i n a c t i v a t i o n  o f  th e  p h ag es  im p lie d  t h a t  c o n tin u e d  phage 
r e p l i c a t i o n  i s  n eed ed  t o  m a in ta in  phage p re s e n c e  i n  n a t u r a l  
w a te r s .
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E. E f f e o t s  o f  h y d ro g en  io n  c o n c e n t r a t i o n »
In  m arin e  w a te r s  pH i s  a  s t a b l e  f a c t o r  g e n e r a l l y  
v a r y in g  b e tw een  7 . 5- 8 . ^  w ith  t h e  h ig h e r  v a lu e s  o c c u r r in g  
n e a r  th e  o o e a n 's  s u r f a c e  (S v e rd ru p  e t  a l . ,  1 9 ^ 2 ) .
B a c te r io p h a g e s  a r e  u s u a l ly  s t a b l e  o v er a  pH ra n g e  from  
5 t o  8 (Adams, 1959r T lk h o n en k o , 1 9 7 0 ) . The r e s u l t s  o f  
s tu d i e s  w ith  th e  B eneckea p h ag es  (F ig u re s  1 7 -1 8 ) ,  a s  w e l l  
a s  s tu d i e s  o f  o th e r  m arin e  p h ag es  (C h a in a , 1965» Chen e t  a l . , 
1 9 6 6 ) , in d ic a te d  t h a t  th e  same g e n e r a l  pH ra n g e  h o ld s  t r u e  
f o r  m a rin e  p h a g e s . The g r e a t e s t  phage s t a b i l i t y  a s  a t  pH 
v a lu e s  be tw een  7 and  8 in  th e  ra n g e  u s u a l l y  e n c o u n te re d  in  
m arin e  w a te r s .  M arine p h ages w ould t h e r e f o r e  n o t  be i n a c t i ­
v a te d  a t  m ost m a rin e  c o n d i t i o n s .  Lower pH v a lu e s  o cc u r in  
a n a e ro b ic  m arin e  muds (ra n g e  from  ^  t o  7 , s e e  C h ab reck , 1972) 
and  phage i n a c t i v a t i o n  may o c c u r  in  some mud s u b s t r a t e s .
I I .  The P h a g e - In fe c te d  C e l l .
A. U l t r a s t r u c t u r e
In  g e n e r a l ,  phage r e p l i c a t i v e  e v e n ts  a s  se en  by e l e c t r o n  
m ic ro so o p y , w ere n o t  u n iq u e ly  d i f f e r e n t  from  th e  r e p l i c a t i v e  
e v e n ts  d e s c r ib e d  f o r  p h ag es  from  o th e r  e n v iro n m e n ts . The 
BN1 phage r e p l i c a t i v e  seq u en ce  was q u i t e  s im i l a r  t o  t h a t  
d e s c r ib e d  f o r  T -ev en  phages r e p l i c a t i n g  in  E, c o l l  ( k e l le n -  
b e r g e r ,  1 9 6 lj  M a rg a re tte n  e t  a l , ,  19661 Simon 1969 and 1 9 7 2 ). 
BN6 phage r e p l i c a t i o n  was s im i l a r  t o  th e  e v e n ts  d e s c r ib e d  
f o r  o th e r  g ro u p  C b a c te r io p h a g e s  su ch  a s  th e  te m p e ra te  P22 
phage o f  S a lm o n e lla  tv p h lm u riu m  ( B o ts te in  e t  a l . ,  1 9 7 3 1 K ing 
e t  a l ,  1 9 7 3 ).
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S h o r t ly  a f t e r  o o llp h a g e  i n f e c t i o n  d e g r a d a t io n  o f  th e  
h o s t  DNA i s  e v id e n t  e i t h e r  b y  m a rg ln a t io n  o f  th e  n u c le o id  
m a t e r i a l  ( K e l le n b e rg e r , 196I 1 M a rg e re t te n  e t  a l . f 19661 
F a rso n  e t  a l . ,  1973) o r  by c o m p le te  d is a p p e a ra n c e  o f  th e  
n u c le o id  from  th e  c e l l  (Zweig e t  a l . ,  1 9 7 2 ). Changes in  
th e  h o s t  n u c le o id  c o r re s p o n d in g  t o  h o s t  DNA d e g r a d a t io n  
w ere n o t  o b se rv ed  d u r in g  B eneckea phage i n f e c t io n s  and  
r a d io i s o to p e  s tu d i e s  p ro v id e d  f u r t h e r  e v id e n c e  t h a t  th e  
h o s t  DNA was n o t  d e g ra d e d  a f t e r  phage i n f e c t i o n  (F ig u re  6 3 ) . 
A lth o u g h  th e  h o s t  DNA p e r s i s t e d  f o r  a b o u t 25 m in u te s  a f t e r  
i n f e c t i o n ,  th e  l a b e l i n g  s tu d i e s  i n d ic a te d  t h a t  s y n th e s i s  
o f  new h o s t  DNA c e a se d  im m e d ia te ly  a f t e r  phage i n f e c t i o n .
I t  w ould be  i n t e r e s t i n g ,  in  l i g h t  o f  th e  p e r s i s t e n c e  o f  th e  
h o s t  DNA, t o  d e te rm in e  w h e th e r  an y  o f th e  l a b e le d  h o s t  
DNA i s  t r a n s f e r r e d  to  p ro g en y  p h ag e .
In  B N 1 -in fe c te d  c e l l s ,  a t  1 0 -1 5  m p i, th e  c e l l  n u c le o id  
a p p e a re d  h ig h ly  c o n t r a c te d  an d  c e n t r a l i z e d  (F ig u re s  30 , 3 2 )j 
w h ile  l a t e r  in  th e  c y c le ,  a s  w e l l  a s  in  B N 6 -in fe c te d  and  
u n in f e c te d  c e l l s ,  th e  n u c le o id  had  a  d i s p e r s e d  a p p e a ra n c e  
t y p i c a l  o f  g lu te r a ld e h y d e - f lx e d  c e l l s  (F g iu re s  3 3 -3 5 ) .  The 
a p p e a ra n c e  o f  th e  n u c le o id  o f  E. c o l l  i s  d e p e n d en t on th e  
NaCl c o n c e n t r a t io n  o f  th e  g ro w th  medium (R y te r  e t  a l . ,  1 9 5 8 ). 
However, a s  W oldringh  (1973) d e m o n s tra te d ,  i t  i s  t h e  i n t e r n a l  
NaCl c o n c e n t r a t i o n ,  c o n t r o l l e d  by  c e l l  p e r m e a b i l i ty ,  w hich  
d e te rm in e s  th e  n u c le o id  a p p e a ra n c e . W oldringh  (1973) showed 
t h a t  osmium (OsO^) f i x a t i o n  c a u se d  p e r m e a b i l i ty  o h anges 
w hich  f a c i l i t a t e d  e n t r y  o f NaCl i n t o  th e  c e l l  c a u s in g  th e
1 6**
n u c le o id  to  b e  c o n t r a o te d  and  c e n t r a l i z e d .  F ix a t io n  w ith  
g lu te r a ld e h y d e  how ever, p r e s e rv e d  th e  membrane p e r m e a b i l i ty  
an d  th e  n u c le o id  o f  g lu te r a ld e h y d e - f ix e d  c e l l s  a p p e a re d  
d i s p e r s e d .  T h is  same phenomenon was o b se rv e d  f o r  B eneckea 
c e l l s  w hich  had  b e en  f ix e d  u s in g  e i t h e r  osmium a lo n e  o r 
g lu te r a ld e h y d e  fo llo w e d  by  osmium (F ig u re s  29* 2 3 ) .
In  th e  f i r s t  few  m in u te s  a f t e r  a d s o r p t io n  o f  T*f phage 
t o  E. c o l l . th e  c e l l  membrane p e r m e a b i l i ty  i s  a l t e r e d  and  
c e l l  e n v e lo p e  m a t e r i a l s  (Loeb, 197*0, m e ta b o l i t e s  (D uckw orth , 
1970) an d  io n s  (S h a p lr a  e t  a l . ,  197*0 le a k  o u t o f  th e  c e l l .  
S u b se q u e n tly  i n t r a c e l l u l a r  io n ic  c o n c e n t r a t io n s  a r e  r e c o v e re d  
p re su m ab ly  b y  a  r e p a i r  p ro c e s s  r e q u i r i n g  s y n th e s i s  o f  a  
p h a g e - s p e c i f ie d  p r o t e in  (S h a p ira  e t  a l . ,  197*0. I f  th e  
B eneckea c e l l s  w ere made le a k y  by BN1 i n f e c t i o n  th e  i n f lu x  
o f  NaCl from  th e  medium c o u ld  have c a u se d  th e  c o n t r a c te d  
a p p e a ra n c e  o f  th e  n u c le o id .  As BN1 in f e o t l o n  p ro ceed ed  th e  
c o n t r a c te d  s t a t e  o f  th e  n u c le o id  g r a d u a l ly  d im in ish e d  i n ­
d i c a t i n g  t h a t  th e  membrane was r e p a i r e d  and  f u n c t io n a l ,  
an d  n o rm al i n t r a c e l l u l a r  io n ic  c o n d i t io n s  had  b een  r e s t o r e d  
(F ig u r e s  3**-35). The c o n t r a c te d  s t a t e  o f  th e  n u c le o id  e a r l y  
i n  BN1 I n f e c t i o n  t h e r e f o r e  a p p e a r s  to  be  a r t i f a c t u a l ,  r e s u l t ­
in g  from  phage-*induced le a k a g e  o f  NaCl i n t o  th e  i n f e c t e d  c e l l .  
T h is  c o n d i t io n  w h ile  a r t l f a c t u a l ,  d id  p ro v id e  a  c o n v e n ie n t 
i n d i c a t o r  o f  th e  s t a r t  o f  BN1 phage i n f e c t i o n .
The seq u en ce  o f  e v e n ts  o f  T -even  phage a sse m b ly  w i th in  
i n  E, c o l l  h a s  b e en  s tu d ie d  by  e l e c t r o n  m ic ro s c o p ic a l
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(S im on, 1972j B i j l e n g a  e t  a l . ,  1973) and  b io c h e m ic a l  
te c h n iq u e s  (Laemmll and  F a v re , 1 9 7 3 1 Laemmli and  Jo h n so n ,
1 9 7 3 ) . The f i r s t  e v e n t i s  th e  a p p e a ra n c e  o f  g r a n u la r  a r e a s ,  
te rm ed  Nlum psM, n e a r  th e  c e l l  membrane (Laemmli e t  a l . ,
1 9 7 0 b | Sim on, 1 9 7 2 ) . These lum ps a p p a r e n t ly  g iv e  r i s e  to  
t a u  p a r t i c l e s  w hich  a p p e a r  n e x t  in  th e  seq u en ce  (Sim on, 1 9 7 2 ). 
The t a u  p a r t i c l e s  a r e  m e m b ra n e -a tta c h e d , h e a d - l ik e  s t r u c t u r e s  
c o n ta in in g  a  m o rp h o p o ie tic  a sse m b ly  c o re  (K e lle n b e rg e r  e t  a l . ,  
19681 Laemmli e t  a l . , 1970a» Sim on, 1972» Showe an d  B la c k ,
1973l B i j l e n g a  e t  a l . ,  1973) and  may c o r re s p o n d  t o  th e  -^OOs 
p ro h ea d  I  d e s c r ib e d  by Laemmli an d  Jo h n so n  (1 9 7 3 ). These t a u  
p a r t i c l e s  g iv e  r i s e  t o  em pty h e a d s  (no c o r e )  w hich  r a p i d ly  
move o f f  th e  c e l l  membrane to w ard  th e  c e l l  c e n te r  (Sim on,
1 9 7 2 ) . The em pty h e a d s  w hich  may c o rre sp o n d  t o  th e  350s 
p ro h e ad  I I  a r e  th e n  p a r t i a l l y  f i l l e d  w ith  DNA and may c o r re s p o n d  
t o  th e  550s p ro h ea d  I I I  (Sim on, 1972j Laemmli and  Jo h n so n ,
1 9 7 3 ) . When c o m p le te ly  f i l l e d  (1 1 0 0 s) th e  h e ad s  move tow ard  
th e  c e l l  p e r ip h e r y  w here th e y  a t t a o h  t o  t h e i r  t a i l s ,  w hich 
had  b e e n  a sse m b le d  a t  th e  membrane (Sim on, 1969» 1 9 7 2 1 
Laemmli and  F a v re ,  1 9 7 3 f Laemmli an d  J o h n so n , 1 9 7 3 ). At th e  
end  o f  th e  l a t e n t  p e r io d  th e  f u l l  h e ad s  a r e  a r r a n g e d  r a d i a l l y  
a b o u t  th e  c e l l  p e r ip h e r y  a b o u t one t a i l  l e n g th  from  th e  c e l l  
m em brane, a p p a r e n t ly  a t t a o h e d  to  th e  membrane by t h e i r  t a i l s  
(Z ag u ry  e t  a l . ,  1967; Sim on, 1 9 6 9 ) .
The seq u en ce  f o r  BN1 phage a sse m b ly  i s  e s s e n t i a l l y  th e  
same a s  th e  seq u en ce  d e s c r ib e d  f o r  T^ c o l ip h a g e .  Lumps f i r s t  
form  a t  th e  c e l l  membrane (F ig u re  3 2 , 3 3 ) fo llo w e d  by th e
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a p p e a ra n c e  o f  t a u - l i k e  p a r t i c l e s  a t t a o h e d  t o  th e  membrane 
(F ig u re  3 4 , 3 7 ) w hioh c o n v e r t  t o  em pty h ead s  t h a t  move 
r a p i d l y  to w ard  th e  c e l l  c e n t e r  (F ig u re s  3 4 -3 6 ) .  The em pty 
h e a d s  a r e  th e n  g r a d u a l ly  f i l l e d  and  move to w ard  th e  c e l l  
p e r ip h e r y  (F ig u re s  38* 3 9 ) .  At th e  end o f  th e  l a t e n t  p e r io d  
num erous f i l l e d  h e ad s  a r e  o b se rv e d  In  a  r a d i a l  a r ra n g e m e n t 
a b o u t one t a l l  l e n g th  from  th e  membrane a t t a c h e d  t o  th e  
membrane b y  t h e i r  t a i l s  (F ig u re s  37* 39* 4 0 ) .  The t r a n s i t i o n  
b e tw een  head  s t r u c t u r e s  on th e  membrane t o  th o s e  a t  t h e  c e l l  
c e n t e r  was so  r a p id  t h a t  th e  p ro c e s s  was c l e a r l y  v i s u a l i z e d  
i n  o n ly  one f o r t u i t o u s  s e c t io n  (F ig u re  3 8 ) .  T h is  c e l l  p r o f i l e  
was th e  o n ly  one In  w hich  l a r g e  num bers o f  t a u  p a r t i c l e - l i k e  
em pty head  s t r u c t u r e s  w ere o b s e rv e d . T a b le  11 shows th e  
num bers o f  h ead  in te r m e d ia te  s t r u c t u r e s  o b se rv e d  In  c e l l  
p r o f i l e s  a t  v a r io u s  t im e s  a f t e r  I n f e c t i o n .  The num bers 
c l e a r l y  i n d ic a te d  a  t r a n s i t i o n  from  em pty h e ad s  a t  th e  c e l l  
c e n t e r  t o  f u l l  h e a d s j  h o w ev er, due t o  th e  r a p i d i t y  o f  th e  
e v e n t  th e  t r a n s i t i o n  from  h ead  s t r u c t u r e s  on th e  membrane 
t o  em pty h e ad s  a t  t h e  c e l l  c e n t e r  was n o t  a s  a p p a r e n t .
Many o f  th e  em pty h e a d s  a t  th e  c e l l  c e n t e r  had  a  
c h a r a c t e r i s t i c  h o l lo w -d is c  sh ap ed  s t r u c t u r e  in  t h e i r  i n t e r i o r  
(F ig u re s  3 4 -3 7 ) .  M a rg a re t te n  e t  a l .  (1966) r e p o r t e d  s im i l a r  
s t r u c t u r e s  d u r in g  T -ev en  c o l lp h a g e  i n f e c t i o n .  The h o l lo w -d is c  
c o n fo rm a tio n  o f  t h i s  I n t e r n a l  m a te r i a l  a p p e a r s ,  h o w ev er, to  
b e  c h a r a c t e r i s t i c  o f  f i x a t i o n  p ro c e d u re s  a s  i t  d o e s  n o t  
a p p e a r  in  f i x a t i o n s  in  w hich  u r a n y l  a c e t a t e  i s  u sed  i n  com­
b i n a t i o n  w ith  osmium in  p o s t - f i x a t i v e  (s e e  Sim on, 1 9 7 2 ) .
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D u rin g  th e  r e p l i o a t i v e  c y c le  o f  BN1 phage from  a  
p o in t  s h o r t l y  a f t e r  I n f e c t i o n  u n t i l  v e ry  n e a r  th e  end o f  
th e  l a t e n t  p e r io d  (be tw een  1 5 -3 5  m pl) a  s m a ll  d i s t i n c t  r e g io n  
o f  f i n e  f i b r i l l a r  m a t e r i a l  d e v io d  o f  r ib o so m e s  o r  d e v e lo p in g  
phage h e a d s  was o b se rv e d  w i th in  i n f e c t e d  c e l l s  (F ig u re  34 ,
35)* The r e g io n  may be  th e  re m a in in g  h o s t  DNA, a s  i t  i s  
d i s t i n c t  from  th e  s u r ro u n d in g ,  c o a r s e r ,  DNA f i b e r s  w hich  a r e  
a s s o c i a t e d  w ith  d e v e lo p in g  phage h e a d s . V e r i f i c a t i o n  o f  
t h i s  h y p o th e s is  w i l l ,  how ever, r e q u i r e  f u r t h e r  s tu d y  p o s s ib ly  
u s in g  a u to r a d io g ra p h y .
A t th e  p o in t  in  BN1 phage d ev e lo p m en t w here f i l l e d  
phage h e a d s  a r e  b e g in n in g  t o  form  (a b o u t 30-4-0 m pi) a n  
e lo n g a te ,  t u b u l a r ,  c o r e - c o n ta in in g  s t r u o t u r e  was o f te n  ob­
s e rv e d  w i th in  th e  c e l l s  (F ig u re  3 6 ) .  T hese s t r u c t u r e s  w ere 
q u i t e  s i m i l a r  to  p o ly h e a d s  w hich  form  l a t e  in  th e  T4 c o l ip h a g e -  
r e p l i c a t i v e  seq u en ce  ( B i j le n g a  e t  a l . ,  1 9 7 3 ) . S in c e  th e  
s t r u c t u r e s  c o u ld  o n ly  be d i s t i n g u i s h e d  in  l o n g i t u d i n a l  s e c t io n s  
and  w ere in a p p a re n t  in  c r o s s - s e c t i o n s  i t  i s  l i k e l y  t h a t  th e y  
a r e  p o ly h e a d s  w hich  in  c r o s s - s e c t i o n  w ould be  i n d i s t i n g u i s h a b l e  
from  o th e r  head  s t r u c t u r e s .
V o elz  and  B u rc h a rd  (1971) d e s c r ib e d  th e  l y t i c  c y c le  o f  
a  T - e v e n - l ik e  phage o f  M vxoccooous x a n th u s . R e p l i c a t io n  in  
t h i s  m y x o b a c te r ia l  h o s t  d i f f e r s  somewhat from  th e  e v e n ts  
d e s c r ib e d  f o r  T4 and  BN1 p h a g e s . The p h a g e , Mx-1, was 
a sse m b le d  o n ly  a t  th e  p o le s  o f  th e  c e l l  and  lum ps and t a u  
p a r t i c l e s  w ere n o t  o b s e rv e d . At th e  end  o f  th e  l a t e n t  p e r io d
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f i l l e d  h e a d s  d e r iv e d  from  em pty h e a d s  w ere a r ra n g e d  one 
t a l l  l e n g th  from  th e  c e l l  membrane, how ever, a  r a d i a l  
a r ra n g e m e n t was n o t  a p p a r e n t .
The s i m i l a r i t y  o f  th e  m orphology  and  m o rp h o g en esis  
o f  th e  T -ev en  b a o te r io p h a g e s  w hich  r e p l i c a t e  In  d i f f e r e n t  
h o s t  c e l l s  I n d ic a te d  t h a t  th e y  may be  c l o s e ly  r e l a t e d  t o  
one a n o th e r .  In  th e  l i g h t  o f  th e  e x te n s iv e  know ledge o f  
c o l lp h a g e  T4 g e n e t lo s  an d  m o rp h o g e n e s is , c o m p a ra tiv e  s tu d y  
w ith  th e  BN1 and  Mx-1 p h ag es  may p ro v id e  v a lu a b le  I n s i g h t s  
I n to  b a o te r io p h a g e  e v o lu t io n .
The r e p l i c a t i v e  e v e n ts  o f  S a lm o n e lla  phage P22 have 
b ee n  s tu d ie d  in  d e t a i l  ( B o ts te ln  e t  a l . ,  1973i King e t  a l . ,
1 9 7 3 ) and  a r e  r e p r e s e n t a t i v e  o f  th e  r e p l i c a t i v e  seq u e n c e s  
o f  o th e r  g ro u p  C b a c te r io p h a g e s  su ch  a s  T3 T7 and  P2 c o l l -  
p h ag es  ( S tu d i e r ,  19^9i B o t s t e ln  e t  a l . , 1973 and  L en g y el 
e t  a l . ,  1 9 7 3 ) . In  P22 r e p l i c a t i o n  t h e r e  i s  no a s s o c i a t i o n  
o f  h ead  I n te r m e d ia te s  w ith  th e  c e l l  membrane a s  o b se rv e d  
f o r  Tb an d  BN1 r e p l i c a t i o n !  how ever, a  c o re  c o n ta in in g  
(2 ^ 0 s ) p ro h e ad  d o es  fo rm  (K ing e t  a l . ,  1 9 7 3 ) . T h is  p ro h ead  
i s  th e n  c o n v e r te d  t o  a n  em pty head  (170s )  by th e  l o s s  o f  th e  
c o re  p r o t e in  w hich  o c c u rs  a s  th e  head  b e g in s  t o  be f i l l e d  
w ith  DM . The t a l l  I s  a ssem b le d  on th e  f i l l e d  head  fo rm in g  
a  m a tu re  (5 0 0 s)  phage (K ing e t  a l . , 1 9 7 3 ) . The u l t r a s t r u o t u r a l  
e v e n ts  o f  BN6 phage r e p l i c a t i o n  w ere q u i t e  s im i l a r  t o  th e  
seq u en ce  f o r  F22. The f i r s t  head  s t r u c t u r e s  se e n  c o n ta in e d  
c o r e s  w hich  th e n  d is a p p e a re d  a s  th e  h e ad s  w ere f i l l e d  w ith
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DNA (F ig u re s  4 7 - 5 1 ) .  The a sse m b ly  o f  th e  t a i l s  c an  o n ly  
be  assum ed a s  th e y  w ere n o t  v i s i b l e  i n  th e  m lo ro g ra p h s .
One f e a t u r e  o f  BN6 phage r e p l i c a t i o n  w hloh was u n iq u e  
among phage sy s tem s  s tu d ie d  so  f a r ,  was th e  fo rm a tio n  o f 
p ro te ln a o e o u s  o r y s t a l l l n e  i n c lu s io n s  a s  th e  f i r s t  i n t r a -  
c e l l u l a r l y  v i s i b l e  e v e n t a f t e r  l n f e o t i o n  (T ab le  1 2 ) .  The 
c r y s t a l l i n e  m a t e r i a l  f i r s t  a p p e a re d  a b o u t 25 mpl and  was 
am orphous (F ig u re  4 6 ) .  H ow ever, a t  t h e  tim e  a t  w hich  th e  
f i r s t  h ea d  in te r m e d ia te s  w ere v i s i b l e  (a b o u t 3 0 -4 0  m pl) 
t h e  o y r s t a l l i n e  m a t e r i a l  was c u b o ld a l  and  rem a in ed  so  u n t i l  
th e  c e l l  ly s e d  (F ig u re s  4 7 , 4 9 ) .  The c u b o ld a l  c r y s t a l s  w ere 
o f t e n  o b se rv e d  among th e  c e l l  d e b r i s  and  phage p ro g en y  a f t e r  
l y s i s  (F ig u re  5 2 ) .  The r o l e  o f  th e  c r y s t a l s  in  phage r e p l i ­
c a t i o n  c o u ld  n o t  be  a s c e r t a i n e d  in  th e s e  s t u d i e s .  S im ila r  
c r y s t a l l i n e  i n c lu s io n s  have b een  o b se rv ed  d u r in g  en d o sp o re  
m o rp h o g en esis  o f  s e v e r a l  G ra m -p o s it iv e  b a c t e r i a  (s e e  S h iv e ly  
1974 f o r  a  r e v ie w ) .  The p re s e n c e  o f  th e s e  I n c lu s io n s  d u r in g  
en d o sp o re  fo rm a tio n  and  phage r e p l i c a t i o n  may i n d i c a t e  t h a t  
th e y  a r e  somehow r e l a t e d  t o  m o rp h o g e n e tic  ch an g es  In  b a c t e r i a .
V iru s - in d u c e d  p r o te in  c r y s t a l s  hav e  b een  r e p o r t e d  in  
e u o a r y o t lc  p la n t  c e l l s  I n f e c t e d  w ith  Tobacco E to h  V iru s  
(K n u h tse n , e t  a l . ,  1 9 7 4 ). C r y s t a l l i n e  in c lu s io n s  have a l s o  
b e e n  r e p o r te d  In  e u o a r y o t lc  c e l l  m ito c h o n d r ia  (W ard, 1 9 6 2 1 
L eak , 19681 D a v is , 1 9 6 7 ) ,  n u c l e i i  (K a ra s a k l ,  1965i G ouran ton  
an d  Thomas, 1 9 7 4 ) , an d  in  e o s in o p h i l  le u k o c y te  g r a n u le s  
( M i l le r  e t  a l . ,  1 9 6 6 ) . A lth o u g h  th e  p re s e n c e ,  and  in  s e v e r a l  
c a s e s  th e  p r o t e in  n a tu r e  o f  th e s e  c r y s t a l s ,  h av e  b een  shown,
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t h e i r  f u n c t io n  re m a in s  a  m y s te ry  (Hannay and  F i tz - J a m e s ,
1 9 5 5 i W ard, 1 9 6 2 j K a ra s a k i ,  1 9 6 5 1 K nuh tsen  e t  a l . , 197*0.
The o n ly  p r e v io u s  e l e c t r o n  m ic ro s c o p ic  s tu d y  o f  th e  
r e p l i c a t i o n  o f  a  m arin e  b a c te r io p h a g e  o o n cern ed  S p e n c e r 's  
(1963) NCMB 385 phage r e p l i c a t i n g  in  C vtonhage m a r ln o f la v a  
(V a le n t in e  and  Chapman, 1 9 6 6 ). The f i r s t  s ig n  o f  i n f e o t l o n  
i n t r a c e l l u l a r l y  was th e  fo rm a tio n  o f  a p p a r e n t ly  em pty h e a d s  
w hich  s u b s e q u e n t ly  w ere f i l l e d  w ith  DNA. The c u l t u r e  co n ­
d i t i o n s  (no a e r a t i o n  a f t e r  i n f e c t i o n )  an d  f i x a t i o n  te c h n iq u e s  
(osmium a lo n e )  u se d  f o r  th e  s tu d y  w ere l e s s  th a n  i d e a l .  In  
th e  l i g h t  o f  r e c e n t  f in d in g s  f o r  phage m o rp h o g e n esis  (a ssem b ly  
c o r e s ,  e t c . ) r e p e t i t i o n  o f  th e  work on th e  NCMB 385  phage 
u s in g  m odern te c h n iq u e s  m ig h t p ro v id e  more d e t a i l e d  d a ta  
w hich w ould f a c i l i t a t e  co m p a riso n s  t o  s tu d i e s  o f  o th e r  p h ag e - 
h o s t  sy s te m s .
In  e a r ly  s tu d i e s  o f  b a c te r io p h a g e  m o rp h o g e n e s is , i n ­
v e s t i g a t o r s  b e l ie v e d  t h a t  phage head  p r o t e in s  w ere a ssem b le d  
a ro u n d  a  h e a d f u l  o f  phage DNA (K e l le n b e rg e r  e t  a l . ,  1959« 
M a rg a re tte n  e t  a l . ,  1966j V a le n t in e  an d  Chapman, 1 9 6 6 ) .  The 
b e l i e f  was so  s t r o n g  t h a t  V a le n t in e  an d  Chapman (1 9 6 6 ) r e ­
fu s e d  t o  a c c e p t  th e  p re s e n c e  o f  l a r g e  num bers o f  em pty h ea d s  
p r i o r  t o  f u l l  h ead  fo rm a tio n  a s  a  p o s s ib ly  n o rm al d e v e lo p ­
m e n ta l e v e n t .  How ever, a s  e v id e n c e  ac c u m u la te d  i t  becam e 
a p p a r e n t  t h a t  f o r  many p h ag es  th e  h ead  form ed a s  an  em pty 
p r o t e in  s t r u c t u r e  w hich  was s u b s e q u e n tly  f i l l e d  w ith  phage 
DNA (T*f« F r a n k e l ,  19681 Sim on, 1972 j lam bda 1 Dove, 19661
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P22» B o t s t e ln  e t  a l . ,  1 9 7 3 1 K ing e t  a l . ,  1 9 7 3 ) . More 
r e o e n t  s tu d i e s  hav e  shown t h a t  th e  f i r s t  h e a d - l i k e  s t r u c t u r e ,  
o r  p ro h e a d , c o n ta in s  a  m o rp h o p o e ltlo  a sse m b ly  c o re  w hloh I s  
p r im a r i l y  composed o f  p r o t e i n  a l th o u g h  some DNA may be 
p r e s e n t  ( K e l le n b e rg e r ,  e t  a l . ,  19681 Laemmli e t  a l . ,  1 9 70a , 
Simon 1972j Showe an d  B la c k , 1973i K ing e t  a l . ,  1 9 7 3 ) . The 
c o re  th e n  seem s t o  d is a p p e a r  by  m echanism s w hich  have n o t  
y e t  b ee n  e lu c id a t e d  and  th e  r e s u l t i n g  em pty h e a d s  a r e  f i l l e d  
w ith  phage DNA (Sim on, 1972» K ing e t  a l . ,  1 9 7 3 ) . T h is  same 
b a s ic  m o rp h o g e n e tic  p a t t e r n  was e v id e n t  in  th e  r e p l i c a t i o n  
o f  b o th  o f  t h e  B aneckea p h a g e s . The B eneckea phage s tu d i e s  
v e r i f i e d  t h a t  f o r  th e  T - e v e n - l lk e  BN1 p h a g e , a s se m b ly  i n ­
v o lv e s  an  a s s o c i a t i o n  w ith  th e  c e l l  m em brane, w h ile  f o r  th e  
g ro u p  C ty p e  BN6 p h ag e , a s se m b ly  d o es  n o t  in v o lv e  a n  a s s o c i a ­
t i o n  w ith  th e  c e l l  m embrane.
Wais and  G o ld b erg  (1973) s tu d ie d  T 4 - I n fe c te d  A e ro b a o te r  
a e ro g e n e s  s p h e r o p la s t s  and  found  t h a t  1000 o r  more phage w ere 
p ro d u ced  i n  t h i s  new h o s t  c e l l  b e c a u se  o f  a n  e x te n s io n  o f  
l a t e n t  p e r io d .  T h is  was a p p a r e n t ly  due t o  th e  f a i l u r e  o f  
th e  phage l y s i s  m echanism  t o  ly s e  th e  membrane o f  th e  A, 
a e ro g e n e s  s p h e r o p la s t  a s  q u ic k ly  a s  i t  d id  th e  E . c o l l  mem­
b r a n e .  C om para tive  phage s tu d i e s  o f  t h i s  ty p e  c o u ld  be 
u s e f u l  i n  d e te rm in in g  i f  h o s t  m o d i f ic a t io n s  o f  b a s io  phage 
a sse m b ly  s e q u e n c e s  a r e  r e s p o n s ib le  f o r  th e  d i f f e r e n c e s  ob­
s e rv e d  f o r  m o rp h o lo g ic a l ly  s im i l a r  p h ag es  r e p l i c a t i n g  in  
d i f f e r e n t  h o s t  b a c t e r i a .
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B. O n e -s te p  grow ths
In  o h a r a o t e r i z in g  p h a g e s , g ro w th  s tu d i e s  show ing l a t e n t  
p e r io d  an d  b u r s t  s iz e  a r e  o f te n  r e p o r t e d .  T hese g row th  
c h a r a c t e r i s t i c s  a r e  h ig h ly  v a r i a b l e  d ep en d in g  on c u l t u r e  
c o n d i t io n s  (Adams, 1 9 5 9 ). The B eneckea p h ag es  showed v a r i a ­
t i o n s  In  g row th  c h a r a c t e r i s t i c s  d ep en d in g  on n u t r i e n t  l e v e l s ,  
s a l t  c o n c e n t r a t i o n s ,  te m p e ra tu re , d i s s o lv e d  oxygen l e v e l s  and 
a g i t a t i o n .  (T a b le s  7 -1 0 , 1 3 , 1*0. C om parison betw een  
d i f f e r e n t  p h a g e -h o s t  sy s tem s  I s  t h e r e f o r e  o f  l i m i t e d  v a lu e .  
How ever, co m p a riso n s  o f  g ro w th  o f  th e  same p h ag e , on one 
h o s t ,  u n d e r  s p e c i f i c  c u l t u r e  c o n d i t i o n s ,  d id  p ro v id e  a  u s e f u l  
m eans o f  co m p arin g  phage s y n th e t i c  p o t e n t i a l  when s in g l e  
f a c t o r s  w ere v a r i e d .  L a b o ra to ry  g row th  s tu d i e s  sh o u ld  n o t ,  
h o w ev er, be u se d  f o r  m aking f i e l d  p r e d i c t i o n s  a s  n a t u r a l  
c o n d i t io n s  a r e  f a r  to o  com plex t o  be  d e f in e d .
C, E f f e c t  o f  NaCl c o n c e n t r a t io n  on phage r e p l i c a t i o n *
M arine b a c t e r i a  have a  minimum re q u ire m e n t f o r  th e  
sodium  io n  w hich  c a n n o t be r e p la c e d  by o th e r  Io n s  o r  non­
i o n i z in g  o sm o tlo a  (MacLeod, 1965» 1968 j Webb and  P ay n e , 1971» 
H e ic h e l t  and  Baumann, 1 9 7 ^ )•  Sodium Io n s  a r e  n e c e s s a r y  f o r  
c e l l  g ro w th  (MacLeod and  O n e r f re y , 1 9 5 7 1 P ay n e , 1960j Gow 
e t  a l . ,  1973f R e io h e l t  and  Baumann, 197*0, c e l l  en v e lo p e  
I n t e g r i t y  (DeVoe and  O g ln sk y , 1 9 69a , 1969bi Thompson and  
MacLeod 1970 , 197**» Unemoto e t  a l , ,  1973» Gow e t  a l , ,  1 9 7 3 ), 
and  u p ta k e  o f  m e ta b o l lo a l ly  a c t i v e  a s  w e l l  a s  I n a c t iv e  
s u b s ta n c e s  (B hoades and P ay n e , 1967 1 Wong e t  a l , ,  1 9 6 9 1
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Thompson an d  MacLeod, 1 9 7 1 1 G r i f f i t h s  an d  M o r l ta ,  1 9 7 3 1 
M o rlta  e t  a l . f 1 9 7 3 ) . S tu d ie s  h av e  a l s o  shown t h a t  th e  Na+ 
c o n c e n t r a t io n  a f f e o t s  o e l l  m e ta b o lism  and  s y n th e s i s  ( P r a t t  
an d  H ap p o ld , I960* MacLeod and H e r l ,  1960j Webb and  P ay n e , 
1 9 7 1 | Cooper an d  M o r lta ,  1972 | M o rlta  e t  a l . ,  1 9 7 3 ) . R e q u ire ' 
m en ts  f o r  Na+ hav e  a l s o  b een  r e p o r t e d  In  m o d era te  (F o rs y th  
an d  K u sh n e r, 1970) an d  ex trem e  h a l o p h i l e s  (L a rs e n , 1962) 
an d  I n  rum en (B ry a n t e t  a l . ,  1 9 5 9 1 C a ld w e ll e t  a l . ,  1973) 
a n d  t e r r e s t r i a l  b a c t e r i a  (F ran k  and  H o p k in s , 1969f O Brien 
e t  a l . ,  1969i O 'B r ie n  and  F r o s t ,  1 9 6 9 ) . The l e v e l s  o f  Na+ 
r e q u i r e d  f o r  o p tim a l  g ro w th  f o r  th e s e  v a r io u s  b a c t e r i a  was 
e i t h e r  h ig h e r  o r  lo w e r th a n  th e  v a lu e s  f o r  m a rin e  b a c t e r i a .  
The r e q u ire m e n ts  f o r  m a rin e  b a c t e r i a  a r e  t h e r e f o r e  a t  Na+ 
l e v e l s  t y p i c a l  o f  th o s e  e n c o u n te re d  in  m arin e  w a te r s  (0 .0 1  t o  
0 .5  M).
The e f f e c t s  o f  t h e  sodium  Io n  c o n c e n t r a t io n  on B. 
n a t r l e g e n s  h a s  b een  s tu d ie d  In  d e t a i l  by Payne and  h i s  
c o -w o rk e rs  (P ay n e , 1958; 1960» Payne e t  a l . ,  1 9 6 lj  Rhodes 
and  P ayne , 1967a ,  1967b ,  19681 Webb an d  P ayne , 1 9 7 1 ) . B. 
n a t r l e g e n s  r e q u i r e s  a  minimum o f  0 .0 6  M Na+ f o r  g row th  
r e g a r d l e s s  o f  th e  p re s e n c e  o f  o th e r  io n s  o r  o sm o tlc a  In  th e  
medium. The optimum f o r  g row th  was 0 .2 5  M Na+ (P ay n e , I960* 
Rhodes and  P ayne , 1 9 6 7 a ) . The Na+ io n  c o n c e n t r a t io n  a f f e c t e d  
u p ta k e  o f  g lu c u r o n a te  and  In d u c t io n  o f  o x id a t iv e  enzymes 
f o r  t h i s  s u b s t r a t e  (P ay n e , 1958 , i 9 6 0 ) .  F or m a n n ito l  
u p ta k e ,  Na+ was r e q u i r e d  f o r  s y n th e s i s  o f  a  m a n n l to l -b in d in g  
and  p h o s p h o ry la t in g  p r o t e in  (Rhodes and  P ayne, 1967a ,  1967b j
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Webb and  P ayne , 1 9 7 1 ) . The Na+ re q u ire m e n t f o r  m a n n lto l  
u p ta k e  c o u ld  be  p a r t i a l l y  com pensated  f o r  by  p o ta s s iu m  Io n s ,  
how ever, K+ c o u ld  n o t  r e p l a c e  Na+ In  I t s  a c t i o n  on p r o te in  
s y n th e s i s  (Webb and P ayne , 1 9 7 1 ) . In  l i g h t  o f  th e  in v o lv em en t 
o f  th e  sodium  io n  in  th e  p h y s io lo g y  o f  B. n a t r l e g e n s . th e  
e f f e c t s  o f  v a r io u s  NaCl l e v e l s  on B eneckea phage r e p l i c a t i o n  
w ere exam ined in  th e  l a b o r a t o r y .
A d s o rp tio n  o f  b a c te r io p h a g e s  to  r e c e p t o r  s i t e s  on th e  
c e l l  e n v e lo p e  o f  t h e i r  h o s t  c e l l  i s  th e  f i r s t  s t e p  i n  phage 
i n f e c t i o n  and i s  in f lu e n c e d  by th e  io n ic  en v iro n m e n t o f  th e  
g ro w th  medium (Adams, 1 9 5 9 ). A d s o rp tio n  o f  m a rin e  p h ag es  
o o c u rs  i n  a  s a l i n e  en v iro n m e n t and  i t  was t h e r e f o r e  i n t e r e s t i n g  
t o  n o te  th e  e f f e c t s  o f  th e s e  h ig h e r  io n ic  l e v e l s  on B eneckea 
phage a d s o r p t io n .  The two p h ag es  p ro v id e d  a n  i n t e r e s t i n g  
c o n t r a s t  a s  th e  BN1 phage a d s o r p t io n  v a r i e d  w ith  th e  NaCl 
c o n c e n t r a t io n  b u t  th e  BN6 phage a d s o r p t io n  was in d e p e n d e n t 
o f  th e  NaCl l e v e l  (F ig u re  2 1 ) .  I n t e r p r e t a t i o n  o f  th e s e  
a d s o r p t io n  d i f f e r e n c e s  was c o m p lic a te d  a s  th e  p ro c e s s  o f  
a d s o r p t io n  in v o lv e d  two co m p o n en ts, th e  r e q u ire m e n ts  s p e c i f i e d  
by th e  phage and  th e  r e q u ire m e n ts  s p e c i f i e d  by  th e  h o s t  c e l l .  
S tu d ie s  w ith  c o l lp h a g e  T^ showed t h a t  th e  v i r u s  r e q u i r e d  
m o n o v a len t o a t lo n  c o n c e n t r a t io n s  o f  0 .1  M f o r  m axim al a d s o r p t io n  
t o  E . c o l l  (Tolm ach, 1 9 5 7 ). T h is  v a lu e  was s l i g h t l y  low er 
th a n  th e  0 .1 6  M v a lu e  o b se rv e d  f o r  BN1 phage (F ig u re  2 1 ) .
The c a t i o n  r e q u ire m e n t  f o r  BN1 phage c o u ld  t h e r e f o r e  be a  
v i r u s - s p e c i f i e d  r e q u ire m e n t t y p i c a l  o f  T - e v e n - l ik e  p h a g e s .
S tu d y  o f  B. n a t r l e g e n s  by  e l e c t r o n  m ic ro sco p y  showed t h a t  th e
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i n t e g r i t y  o f  th e  c e l l  e n v e lo p e  (w here th e  phage a d s o r p t io n  
s i t e s  a r e  lo c a t e d )  was d e p e n d e n t on th e  c o n c e n t r a t io n  o f  
m on o v alen t c a t i o n s  and  th e  l e v e l s  o f  c a t i o n s  n eed ed  w ere 
th e  same a s  th o s e  n e c e s s a r y  f o r  m axim al BN1 a d s o r p t io n  
(F ig u re s  2 5 -2 8 ) .  S tu d ie s  o f  o th e r  m arin e  b a c t e r i a  have 
a l s o  shown t h a t  m o n o v a len t c a t i o n s  e s p e c i a l l y  Na+ , a f f e o t  
th e  i n t e g r i t y  o f  th e  c e l l  e n v e lo p e  (DeVoe and  O g in sk y ,
1 9 6 9 a , 1 969b | Unemoto e t  a l . ,  1973i Thompson e t  a l . , 1970; 
Thompson and  MacLeod, 197*0* The io n ic  r e q u ire m e n ts  f o r  
BN1 a d s o r p t io n  c o u ld  t h e r e f o r e  be e x p la in e d  a s  a  need  f o r  
io n s  t o  m a in ta in  th e  i n t e g r i t y  o f  h o s t  c e l l  phage r e c e p to r  
s i t e s .
The d i f f e r e n c e s  betw een  th e  io n ic  r e q u ire m e n ts  o f  th e  
BN1 and  BN6 p h ag es  can  a l s o  be i n t e r p r e t e d  in  s e v e r a l  w ays. 
The r e q u ire m e n ts  c o u ld  have b ee n  v i r u s - s p e c i f i e d  i f  th e  
BN1 a d s o r p t io n  re q u ire m e n t was s im i l a r  t o  t h a t  o f  th e  T*f 
c o l ip h a g e  (0 .1  M Na+ ) and  th e  BN6 re q u ire m e n t was l i k e  t h a t  
o f  c o l ip h a g e  T1 (0 .0 2  M Na+ , T olm ach, 1 9 5 7 ) . Then th e  BN6 
Na+- a d s o r p t io n  optimum w ould b e  much lo w er th a n  th e  v a lu e s  
t e s t e d  and  a d s o r p t io n  w ould have a p p e a re d  t o  be Na+- in d e p e n ­
d e n t .  In  c o n t r a s t ,  th e  BN1 Na+ re q u ire m e n t w ould have b een  
e v id e n t  a t  th e  v a lu e s  t e s t e d .  The f a c t  t h a t  e a c h  phage had 
a  d i f f e r e n t  Na+ optimum f o r  a d s o r p t io n  c o u ld  b e  c o n s id e re d  
f u r t h e r  e v id e n c e  t h a t  th e  r e q u ire m e n ts  w ere n o t  a  g e n e r a l  
c e l l  phenomenon b u t  due t o  d i s t i n c t  d i f f e r e n c e s  in  th e  two 
p h a g e s . H ow ever, th e  phage r e c e p t o r  s i t e s  f o r  T1 and  T4- 
c o l ip h a g e s  a r e  on d i f f e r e n t  c e l l  w a l l  l a y e r s  (H ayes, 1 9 6 8 ).
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I f  th e  same w ere t r u e  f o r  th e  Bieneckea p h ag es  and  I f  h ig h  
l e v e l s  o f  m onovalen t c a t i o n s  w ere r e q u i r e d  f o r  m a in te n a n c e  
o f  th e  I n t e g r i t y  o f  o n ly  th e  c e l l  w a l l  l a y e r  h a v in g  BN1 
phage r e c e p t o r  s i t e s ,  th e n  th e  Na+ re q u ire m e n t d i f f e r e n c e s  
f o r  a d s o r p t io n  o f  th e  Bwneokea p h ag es  w ould be a  h o s t -  
s p e c i f i e d  phenom enon. Thus th e  p rob lem  o f  th e  o r ig i n  o f  
th e  I o n ic  r e q u ire m e n ts  f o r  phage a d s o r p t io n  I s  q u i t e  com plex 
and  f u r t h e r  i n v e s t i g a t i o n  o f  t h i s  phenomenon i s  n e e d e d .
The d i f f e r e n c e s  in  io n ic  a d s o r p t io n  r e q u ire m e n ts  o f  
th e  B eneckea p h ages h a s  Im p o r ta n t e c o lo g ic a l  s i g n i f i c a n c e .
In  th e  f i e l d  th e  p hages a r e  c o m p e tin g  f o r  th e  same B eneckea 
h o s t  c e l l s .  The BN6 w hich  had  a  low  l e v e l  o f  a d s o r p t io n  
o v e r  th e  r a n g e s  o f  NaCl v a lu e s  t e s t e d  w ould t h e r e f o r e  g e n e r a l l y  
b e  a t  a  s e l e c t i v e  d is a d v a n ta g e  t o  th e  BN1 phage w hich  had 
h ig h e r  a d s o r p t io n  l e v e l s  a t  m ost NaCl l e v e l s  (F ig u re  2 1 ) .  
However, a t  th e  lo w e r NaCl l e v e l s  th e  BN1 phage a d s o r p t io n  
was q u i t e  low  so  t h a t  th e  BN6 phage w ould th e n  have a n  
a d v a n ta g e  in  th e  c o m p e ti t io n  f o r  h o s t  c e l l s .
Keynan e t  a l . ,  (197*0 showed t h a t  th e  m arin e  t r a n s d u c in g  
phage h v -1  o f  B. h a rv e y l  r e q u i r e d  NaCl a t  g r e a t e r  th a n  0,5%  
( lo w er l i m i t  f o r  h o s t  c e l l  s u r v i v a l )  t o  form  p la q u e s .  F or 
th e  B. n a t r le g e n s  p h ag es  p la q u e s  w ould n o t  form  a t  l e s s  th a n  
0 .0 6  M N aC l, th e  lo w er l i m i t  f o r  h o s t  c e l l  s u r v i v a l .  A hrens 
(1971) showed t h a t  f o r  A g ro b a c te riu m  p h ag es  th e  lo w er s a l i n i t y  
l i m i t  o f  h o s t  c e l l  a l s o  c o n t r o l l e d  phage r e p l i c a t i o n .  L im ita ­
t i o n  o f  phage r e p l i c a t i o n  in  low  Io n ic  e n v iro n m e n ts  by h o s t  
c e l l  r e q u i r e m e n ts ,  t h e r e f o r e  seem s to  be  a  g e n e r a l  phenomenon
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f o r  m arin e  p h ag es  and  i s  c o n s i s t e n t  w ith  th e  f a c t  t h a t  
p h ag es  g e n e r a l l y  a r e  more r e s i s t a n t  t o  e n v iro n m e n ta l 
c o n d i t io n s  th a n  t h e i r  h o s t  c e l l s .
F or o p tim a l  p la q u e  fo rm a tio n  th e  B. h a r v e y l  phage 
h v -1  r e q u i r e d  NaCl a t  l e v e l s  g r e a t e r  th a n  1.0% , w hich 
I n d io a te d  t h a t  th e  NaCl l e v e l  a f f e c t e d  phage r e p l i c a t i o n  
(Keynan e t  a l . ,  197*0 . R e p l i c a t i o n  o f  th e  B. n a t r l e g e n s  
c e l l s  was d e p e n d e n t on th e  NaCl l e v e l s  and  th e  u se  o f  o n e -  
s t e p  g ro w th  te c h n iq u e s  p ro v id e d  e x c e l l e n t  q u a n t i t a t i o n  o f  
th e  e f f e c t s  o f  NaCl on r e p l i c a t i o n  (T a b le s  7» 8 ) .  M oreover, 
th e  g ro w th  s tu d i e s  showed t h a t  each  o f  th e  th e s e  p h a g e s , o f  
th e  same h o s t  c e l l ,  had  a  d i f f e r e n t  N aC l-d ep en d en t optimum 
f o r  phage s y n th e s i s .  The BN1 phage p r o d u c t io n  maximum was 
a t  0 .2 5  M N aC l, th e  same a s  th e  h o s t  g ro w th » h o w ev er, t h e  BN6 
phage s y n th e s i s  optimum was a t  0 .1 6  M NaCl (F ig u re  22 ,
T a b le s  7» 8 ) .  The d i f f e r e n c e  In  th e  NaCl o p tim a  f o r  th e  
B eneckea p h ag es  i n d i c a t e d  t h a t  phage i n f e c t i o n  In v o lv e d  a  
m o d i f ic a t io n  o f  th e  h o s t  c e l l  and  t h a t  th e  d e g re e  o f  m o d if i ­
c a t i o n  v a r i e d  w ith  th e  ty p e  o f  i n f e c t i n g  p h a g e . The BN1 
phage d id  n o t  change th e  h o s t  c e l l  s y n th e t i c  m echanism  w ith  
r e s p e c t  t o  th e  e f f e c t  o f  NaCl so  t h a t  th e  h o s t  c e l l  N aC l- 
l l m i t e d  sy stem  was a p p a r e n t ly  c o n t r o l l i n g  BN1 phage s y n th e s i s .  
In  th e  BN6 p h a g e - in f e c te d  c e l l  t h e  N a C l- l im ite d  sy s tem  was 
In  some m anner m o d if ie d ,  r e s u l t i n g  In  o p tim a l  phage s y n th e s i s  
a t  a  NaCl l e v e l  lo w e r th a n  th e  h o s t  c e l l  optim um .
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The Na+ re q u ire m e n t o f  B. n a t r l e g e n s  c o u ld  n o t  be 
co m pensated  f o r  by a  n o n - io n iz in g  osm otloum  (P ay n e , i 9 6 0 ) 
b u t  c o u ld  b e  p a r t i a l l y  com pensated  f o r  by a d d i t i o n  o f  K+
(Rhodes and  P ay n e , 19671 and  Webb an d  P ay n e , 1 9 7 1 ) . The 
same r e l a t i o n s h i p  was fo u n d  in  p h a g e - in f e c te d  c e l l s .  BN6 
phage p r o d u c t io n  a t  0 .0 6  M NaCl was Zl% o f  th e  maximum 
v a lu e  a t  0 .1 6  M NaCl iT a b le  8 ) .  U sing  a  m annose osm oticum , 
phage  p r o d u c t io n  was o n ly  37% o f  th e  maximum v a lu e  b u t  w ith  
KC1 a s  a n  osm oticum  phage p r o d u c t io n  in c r e a s e d  t o  6l%  o f  
th e  maximum v a lu e  (T ab le  1 0 ) .  S im i l a r ly  f o r  th e  BN1 p h ag e , 
phage p r o d u c t io n  was o n ly  3% o f  th e  maximum v a lu e  a t  0 .0 6  M 
NaCl (T ab le  7 ) .  Use o f  mannose in c r e a s e d  phage p ro d u c t io n  
t o  o n ly  6.6%  o f  th e  maximum b u t  u se  o f  KC1 r a i s e d  th e  l e v e l  
t o  Ur3% o f  th e  maximum (T ab le  9 ) .  The e f f e o t  o f  KC1 on 
s y n th e s i s  was d i f f e r e n t  from  i t s  e f f e c t  on a d s o r p t io n  In  
t h a t  I t  d id  n o t  c o m p le te ly  r e p l a c e  Na+ .
The s i m i l a r i t y  in  th e  a c t i o n  o f  N aCl, KC1 an d  n e u t r a l  
o sm o tlc a  on s y n th e s i s  i n  u n in f e c te d ,  an d  in  b o th  ty p e s  o f  
p h a g e - in f e c te d  B. n a t r le g e n s  c e l l s ,  I n d ic a te d  t h a t  th e  same 
g e n e r a l  c e l l  p ro c e s s  (p e rh a p s  p r o t e i n  s y n th e s i s )  was a f f e c t e d  
by  io n ic  c o n d i t io n s  in  a l l  s i t u a t i o n s .
The B N 6-induced ch an g es  in  th e  NaCl optimum f o r  phage 
s y n th e s i s  i s  n o t  m e re ly  a n  I n t e r e s t i n g  p h y s io lo g ic a l  phenomenon 
b u t  h a s  p o t e n t i a l l y  im p o r ta n t  c o n se q u e n c e s , b e c a u se  t h i s  
phage h o s t  sy stem  o c c u rs  In  e s tu a r l n e  w a te r s  w here s a l i n i t y  
(NaCl l e v e l s )  I s  v a r i a b l e  and  a f f e c t s  th e  e c o lo g y  and  d i s t r i ­
b u t io n  o f  m arin e  o rg a n ism s . The BN1 an d  BN6 p h ag es  a r e
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co m p e tin g  f o r  t h e  same h o s t  c e l l  and  t h e i r  d i f f e r e n t  N aC l- 
d e p e n d e n t phage s y n th e s i s  o p tim a  r a i s e s  th e  p o s s i b i l i t y  o f  
s e l e c t i o n  b a se d  on s a l i n i t y .  The BN6 phage was b e t t e r  a b le  
t o  r e p l i c a t e  a t  NaCl c o n c e n t r a t io n s  t y p i c a l  o f  lo w er s a l i n i t y  
w a te r s  (eg  5 -1 8  o /o o )  w h ile  th e  BN1 phage i s  b e t t e r  a b le  t o  
r e p l i c a t e  a t  NaCl c o n c e n t r a t io n s  t y p i c a l  o f  h ig h e r  s a l i n i t y  
w a te r s  (2 0 -3 5  o /o o ) .
R e s u l t s  o f  e l e c t r o n  m ic ro sc o p e  s tu d i e s  showed t h a t  th e  
e f f e c t s  o f  v a r i a t i o n s  in  th e  io n i c  en v iro n m e n t o f  B. n a t r le g e n s  
w ere s i m i l a r  t o  th o s e  r e p o r te d  f o r  a n o th e r  m arin e  b a c te r iu m  
A lte ro m o n as  h a l o n l a n k t l s  (Thompson e t  a l . ,  1 9 7 0 ) . Thompson 
e t  a l . ,  (1970) showed t h a t  in  a  t h r e e  s a l t s  s o lu t io n  (0 .3  M 
N aCl, 0 .0 5  M MgSO^ a n d  0 ,0 1  M KCl) A. h a l o n l a n k t l s  c e l l s  
showed th e  u s u a l  G ram -n eg a tiv e  u l t r a s t r u o t u r e . How ever, in  
a  s o l u t i o n  la c k in g  NaCl th e  c e l l s  w ere p la sm o ly z e d . T h is  
p la s m o ly s is  was d e t e c t a b l e  s p e c t r o p h o to m e t r ic a l ly ,  by p h ase  
c o n t r a s t  m ic ro sc o p y , f r e e z e - e t c h  t e c h n iq u e s ,  and  in  f ix e d  
t h i n - s e c t i o n e d  m a t e r i a l .  B. n a t r l e g e n s  c e l l s  in  4-SN medium 
showed no rm al G ram -n eg a tiv e  u l t r a s t r u c t u r e  a t  NaCl l e v e l s  o f  
0 .2 5  M o r  g r e a t e r  (F ig u re  2 3 ) .  H ow ever, i n  medium c o n ta in in g  
0 .1 6  M N aCl, p la s m o ly s is  was o b se rv e d  and  a t  0 .0 6  M N aC l, 
p la s m o ly s is  was v e r y  p ro nounced  (F ig u re  2 5 -2 6 ) .  T h is  p la s m o ly s is  
o f  a  m arin e  b a c te r iu m  was in d u c e d  by h y p o to n ic  c o n d i t io n s  y e t  
i t  a p p e a re d  i d e n t i c a l  t o  p la s m o ly s is  o b se rv e d  in  th e  t e r r e s -  
t r a i l  b a c te r iu m  E. c o l l  grown in  h y p e r to n ic  c o n d i t io n s  (C o ta -  
B o b le s ,  1963 j B a y e r, 1968* S c h e ie ,  1 9 6 9 ). P la s m o ly s is  in  
E . c o l l  i s  a  t r a n s i t o r y  c o n d i t io n  w hich  i s  s lo w ly  r e v e r s e d
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when th e  c e l l s  a r e  l e f t  In  th e  h y p e r to n ic  medium (S c h e ie ,
1 9 6 9 ) .  In  c o n t r a s t  i n  m arin e  b a c t e r i a ,  p la s m o ly s is  was a  
p e rm an en t c o n d i t io n  w hich  was n o t  r e v e r s e d  i f  th e  c e l l s  
rem a in ed  in  th e  h y p o to n ic  medium. Thompson e t  a l . , (1 9 7 0 ) 
a t t r i b u t e d  p la s m o ly s is  in  A. h a l o u l a n k t i s  t o  a  f a i l u r e  o f  
th e  c e l l s  t o  m a in ta in  t h e i r  n o rm a lly  h ig h  i n t e r n a l  co n cen ­
t r a t i o n  o f  K+ b e c a u se  Na+ was a b s e n t  from  th e  medium 
(M atu la  and  MacLeod, 1969; M atu la  e t  a l . , 1 9 7 0» Thompson 
and  MacLeod, 1 9 7 3 ) . The h ig h  i n t e r n a l  o sm o tic  p r e s s u r e  
n o rm a lly  k e e p s  th e  c e l l  membrane p r e s s e d  a g a i n s t  th e  c e l l  
w a l l  and  th e  re d u c e d  i n t e r n a l  p r e s s u r e  in  th e  a b se n c e  o f  
Na+ c a u s e s  th e  membrane t o  be pushed  inw ard  away from  th e  
w a l l  (p la sm o ly z e d ) . The p la sm o ly z ed  c o n d i t io n  p e r s i s t s  
u n t i l  Na+ i s  ad d ed  t o  th e  medium, r e s t o r i n g  th e  c e l l s  a b i l i t y  
t o  m a in ta in  a  h ig h  i n t e r n a l  K+ c o n c e n t r a t io n  (Thompson e t  a l . ,
1 9 7 0 ) . In  B. n a t r l e g e n s  th e  e x te n t  o f  p la s m o ly s is  v a r i e d  
w i th  th e  NaCl l e v e l  i n d i c a t i n g  t h a t  a s  th e  Na+ c o n c e n t r a t io n  
d e c re a s e d  be low  0 .2 5  M th e  c e l l s  a b i l i t y  t o  m a in ta in  i n t e r n a l  
K+ l e v e l s  a l s o  d e c re a s e d  u n t i l  a t  0 .0 6  M NaCl p la s m o ly s is  
was q u i t e  p ronounoed  (F ig u re  2 6 ) .  The NaCl l e v e l  a t  0 .0 6  M 
w as, how ever, s t i l l  h ig h  enough t o  a l lo w  th e  c e l l  t o  s u r v iv e .  
R a is in g  th e  e x t e r n a l  o sm o tic  p r e s s u r e  w ith  m annose, a  non­
io n iz in g  osm oticum , d id  n o t  p r e v e n t  p la s m o ly s is  (F ig u re  2 7 ) .  
P la s m o ly s is  in  th e  p re s e n c e  o f  mannose d id  n o t  a p p e a r  q u i t e  
a s  s e v e re  a s  a t  0 .0 6  M NaCl a lo n e  w hich  i n d i c a t e d  t h a t  some 
r e d u c t io n  o f  p la s m o ly s is  had o c c u r re d .  U sing  KC1 a s  an  
osm oticum  p re v e n te d  p la s m o ly s is  (F ig u re  2 8 ) .  P resum ab ly  th e
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I n c re a s e d  Inw ard  g r a d ie n t  f o r  K+ (h ig h e r  e x t e r n a l  l e v e l )  
a lo n g  w ith  th e  l i m i t e d  r e t e n t i o n  a b i l i t y  a t  t h i s  low  Na+ 
l e v e l  w ere s u f f i c i e n t  t o  m a in ta in  th e  I n t e r n a l  K l e v e l  h ig h  
enough t o  p re v e n t  p la s m o ly s is .
I f  th e  p la s m o ly s is  In d u ced  by  low Na+ c o n c e n t r a t io n s  In  
t h e s e  two b a c t e r i a  I s  r e p r e s e n t a t i v e  o f  a  g e n e r a l  phenomenon 
among m a rin e  b a c t e r i a ,  th e n  p la s m o ly s is  may p ro v id e  a  u s e f u l  
m eans by  w hich  to  d i s t i n g u i s h  m arin e  from  o th e r  b a c t e r i a .
U l t r a s t r u c t u r a l l y  th e  p h a g e - in f e c te d  B. n a t r l e g e n s  c e l l s  
r e v e a l e d  th e  same c e l l  en v e lo p e  ch an g es  ( p la s m o ly s is )  a t  
s u b o p tim a l s a l i n i t i e s  t h a t  w ere o b se rv ed  In  th e  u n in fe c te d  
h o s t  c e l l s .  The r e p l i c a t i v e  e v e n ts  f o r  b o th  p h ag es  w ere 
e s s e n t i a l l y  unchanged  o v e r  th e  r a n g e  o f  NaCl c o n c e n t r a t io n s  
exam in ed , I n d ic a t in g  t h a t  th e  d i f f e r e n c e s  i n  phage p ro d u c t io n  
w ere th e  r e s u l t  o f  NaCl d e p e n d e n t ch an g es  I n  th e  r a t e s  and  
am ounts o f  phage p ro d u c t io n  r a t h e r  th a n  ch an g es  in  th e  r e p l i ­
c a t i v e  e v e n ts  th e m s e lv e s .  Some e v id e n c e  o f  th e s e  ch an g es  In  
th e  r a t e s  and  am ounts o f  phage s y n th e s i s  was v i s i b l e  a t  th e  
u l t r a s t r u c t u r a l  l e v e l .
The o n e - s te p  g ro w th  s tu d i e s  in d ic a te d  v a r i a t i o n  in  
l a t e n t  p e r io d  a t  d i f f e r e n t  NaCl c o n c e n t r a t io n s  (T a b le s7 - 8 ) .  
A lth o u g h  th e  i n f e c t i o n  c o n d i t io n s  f o r  u l t r a s t r u c t u r a l  s tu d y  
w ere n o t  a s  sy n ch ro n o u s  ( I . e . ,  n o t  o n e - s te p )  th e  v a r i a t i o n s  
In  l a t e n t  p e r io d  w ere e v id e n t  when co m p ariso n s  w ere made o f  
th e  tim e  a t  w hich  a  s p e c i f i c  d e v e lo p m e n ta l e v e n t  o c c u r re d  a t  
t h e  d i f f e r e n t  NaCl l e v e l s .  F o r th e  BN1 phage th e  in te r m e d ia te  
s ta g e  when em pty h e a d s  on and  o f f  th e  c e l l  membrane and  a  few
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f u l l  h e a d s  w ere p r e s e n t  (F ig u re s  3 5 -3 6 ) was f i r s t  o b se rv e d  
a t  35 mpi in  0 .4 2  M N aC l, a t  4 0 -4 5  mpl In  0 .1 6  M NaCl an d  
a t  100-120  mpi in  0 .0 6  M N aCl. S im i la r ly  f o r  th e  BN6 phage 
th e  s ta g e  a t  w hich  c r y s t a l s  b u t  no h e a d s  w ere p r e s e n t  
(F ig u re  4 6 )  was f i r s t  o b se rv e d  a t  2 0 -2 5  mpi In  0 .4 2  M NaCl 
an d  0 .1 6  M NaCl b u t  n o t  u n t i l  60 mpl in  0 .0 6  N N aCl. T hus, 
f o r  b o th  phages*  e s p e c i a l l y  a t  th e  lo w e s t  NaCl l e v e l ,  th e  
r e p l i c a t i v e  seq u en ce  was e lo n g a te d .  T h is  e lo n g a t io n  o f  th e  
r e p l i c a t i o n  seq u en ce  may p ro v e  u s e f u l  f o r  b io c h e m ic a l  s t u d i e s  
o f  phage r e p l i c a t i o n ,  e s p e c i a l l y  f o r  th e  BN6 phage w here 
t h e r e  was no r e d u c t io n  in  a d s o r p t io n  a t  th e  low NaCl l e v e l s .
The d e c re a s e d  am ounts o f  phage s y n th e s i s  (lo w ered  
b u r s t  s i z e s )  a t  lo w er NaCl c o n c e n t r a t io n s  w ere a l s o  e v id e n t  
u l t r a s t r u c t u r a l l y  a s  d e c re a s e d  am ounts o f  phage h ead  s t r u c t u r e s  
in  th e  c e l l  p r o f i l e s  (com pare F ig u re  35 t o  4 4 , and  F ig u re  51 
t o  5 3 ) .  In  th e  BN6 i n f e c t i o n  th e  am ount o f  c r y s t a l s  form ed 
v a r i e d  w ith  th e  NaCl c o n c e n t r a t io n .  At 0 .1 6  M NaCl s e v e r a l  
c r y s t a l s  w ere o f te n  o b se rv e d  w i th in  a  s in g l e  c e l l  p r o f i l e  
(F ig u re s  4 7 , 5 7 ) .  How ever, a t  NaCl l e v e l s  above an d  below  
t h i s  optimum v a lu e ,  o n ly  o n e , o r  v e ry  r a r e l y ,  two c r y s t a l s  
w ere o b se rv e d  in  a  g iv e n  c e l l  p r o f i l e .  S in c e  th e  c r y s t a l s  
w ere p r o te ln a c e o u s  th e y  p ro v id e d  a  v i s u a l  i n d i c a t i o n  o f  th e  
e f f e c t  o f  th e  NaCl c o n c e n t r a t io n  on p r o t e in  s y n th e s i s .
The r e s u l t s  o f  th e  e l e c t r o n  m ic ro s c o p ic  and  g row th  
s tu d i e s  w ere in  ag reem en t and  showed t h a t  th e  NaCl l e v e l s  
d id  n o t  a f f e c t  th e  seq u en ce  o f  r e p l i o a t i v e  e v e n ts  b u t  d id  
e f f e c t  th e  r a t e  o f  phage s y n th e s i s .  B oth  phages c o u ld
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r e p l i c a t e  o v e r  th e  r a n g e  o f  NaCl v a lu e s  a t  w hich  th e  h o s t  
c e l l s  s u rv iv e d ,  h o w ev er, t h e  o p tim a  f o r  phage s y n th e s i s  
w ere d i f f e r e n t  In  e ach  ty p e  o f  phage I n f e c t i o n ,  The BN1 
phage had  th e  same optimum l e v e l  a s  th e  h o s t  c e l l  w h ile  th e  
BN6 phage r e p l i c a t e d  b e s t  a t  NaCl v a lu e  w hich  was below  th e  
h o s t  optim um .
In  summary th e  l a b o r a t o r y  s t u d i e s  in d ic a te d  t h a t  NaCl 
l e v e l s  a f f e c t e d  phage r e p l i c a t i o n  a t  two l e v e l s .  F i r s t  
t h e r e  was an  a d s o r p t io n  e f f e c t  w hich  was a  n o n - s p e c i f i c  
r e q u ire m e n t  f o r  m o n o v alen t c a t i o n s  and  a  p o s s ib ly  r e l a t e d  
io n i c  re q u ire m e n t f o r  p r e v e n t io n  o f  p la s m o ly s is  and  m ain ­
te n a n c e  o f  th e  c e l l  e n v e lo p e  i n t e g r i t y .  S e c o n d ly , t h e r e  was 
a  NaCl re q u ire m e n t f o r  phage s y n th e s i s  w hich  was d i s t i n c t  
from  th e  c e l l  e n v e lo p e  phenom ena. The m o rp h o g e n e tic  seq u en ce  
o f  phage d ev e lo p m en t was n o t  u n iq u e ly  d i f f e r e n t  from  t h a t  
o f  o th e r  b a c te r io p h a g e s  and  was unchanged  a t  th e  v a r io u s  NaCl 
c o n c e n t r a t i o n s ,  i n d i c a t i n g  t h a t  e x p r e s s io n  o f  th e  phage 
genome ( t r a n s c r i p t i o n )  was n o t  d r a s t i c a l l y  a f f e c t e d  by v a r i a ­
t i o n s  In  s a l i n i t y .  I n s te a d  th e  e f f e c t  o f  NaCl was on th e  
r a t e s  o r  am ounts o f  phage p ro d u c e d . S in ce  th e  c h a r a c t e r i s t i c s  
o f  th e  NaCl -  d e p e n d e n t s y n th e s i s  p ro c e s s  i n  p h a g e - in f e c te d  
c e l l s  ( p a r t i a l  r e p la c e m e n t by K+ e t c . ) w ere s im i l a r  t o  th o s e  
o f  Na+-d e p e n d e n t p r o t e in  s y n th e s i s  o f  B^ n a t r l e g e n s . in  phage 
r e p l i c a t i o n  th e  e f f e c t  o f  Na+ may a l s o  be on p r o t e in  s y n th e s i s  
( t r a n s l a t i o n ) .
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D. E f f e c t  o f  te m p e ra tu re  on phage r e p l i c a t i o n t
B. n a t r i e g e n s  I s  a  f a o u l t a t i v e  p s y c h ro p h l le  w hich  shows 
i t  m axim al g ro w th  a t  te m p e ra tu re s  o f  27 -30  C (P ay n e , 1958* 
I 9 6 0 ) .  In  th e  m arsh es  w here th e  p h ag es  w ere i s o l a t e d  
te m p e r a tu re s  ra n g e d  from  a b o u t ^  C i n  w in te r  t o  a b o u t 28 C 
in  summer. (A ppendix A ). T e m p e ra tu re  c o u ld  t h e r e f o r e  have 
an  im p o r ta n t  e f f e c t  on th e  g ro w th  o f  th e s e  m ic ro o rg a n ism s .
A te m p e ra tu re  r e d u c t io n  o f  10 C from  27 t o  17 C c a u se d  a  
r e d u c t io n  o f  th e  g row th  r a t e  o f  B. n a t r le g e n s  (F ig u re  6 l ) .  
Phage p r o d u c t io n  showed a  s im i l a r  r e d u c t io n  when te m p e ra tu re s  
w ere re d u c e d  10 C (T ab le  1 3 ) .  The l a t e n t  p e r io d  was e x tre m e ly  
e lo n g a te d  and  th e  b u r s t  s i z e s  w ere g r e a t l y  r e d u c e d .  E lo n ­
g a t io n  o f  th e  l a t e n t  p e r io d  h a s  b een  r e p o r te d  f o r  r e p l i c a t i o n  
o f  p h ag es  o f  th e rm o p h ile s  and  m e so p h lle s  when te m p e ra tu re s  
w ere re d u c e d  below  th e  optimum l e v e l  ( E l l i s  an d  D e lb ru ck , 
1 9 3 9 ) .
The d e c r e a s e  in  phage s y n th e s i s  was q u i t e  d ra m a tic  w ith  
o n ly  a  10 C te m p e ra tu re  r e d u c t i o n ,  h o w ev er, in  th e  f i e l d  
te m p e ra tu re  r e d u c t io n s  w ere g r e a t e r  th a n  20 C from  summer to  
w in t e r .  T h e re f o re ,  b o th  th e  h o s t  b a c t e r i a  an d  i t s  p h ag es  
w ould be  r e l a t i v e l y  i n a c t i v e  in  w in te r  m onths and  m ost a c t i v e  
in  th e  summer m onths when te m p e ra tu re s  w ould be  a t  o p tim a l 
l e v e l s .  The p h ag es  and  h o s t  a r e  t h e r e f o r e  l i k e l y  t o  have 
t h e i r  g r e a t e s t  e f f e c t  on th e  m arsh  eco sy s tem  d u r in g  th e  
summer m o n th s.
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E . E f f e c t  o f  a n a e r o b ic  c o n d i t io n s  on phage r e p l i c a t i o n s
B. n a t r l e a e n s  i s  a  f a c u l t a t i v e  a n a e ro b e  and  c o u ld  grow 
a n a e r o b i c a l l y , h o w ev er, a n a e ro b ic  g ro w th  was o n ly  one f o u r t h  
t h a t  o f  a e r o b ic  g ro w th  In  th e  same medium (F ig u re  6 2 ) .  The 
r e q u ire m e n t  f o r  g lu c o s e  a s  a  c a rb o n  s o u rc e  d u r in g  a n a e ro b ic  
g ro w th  may be e v id e n c e  t h a t  c a rb o n  s k e le to n s  d e r iv e d  from  
am ino a c id s  c o u ld  n o t  be u t i l i z e d  b e c a u se  th e  a e r o b ic  K rebs 
pathw ay  by w hich  th e y  n o rm a lly  e n t e r  th e  c e l l  m e ta b o lic  
pathw ay d o es  n o t  f u n c t io n  a n a e r o b i c a l l y .
S in ce  b o th  p h ag es  c o u ld  r e p l i c a t e  a n a e r o b ic a l ly  com­
p a r i s o n s  c o u ld  be made o f  a e r o b ic  and  a n a e ro b ic  phage r e p l i ­
c a t i o n  w i th in  th e  same h o s t  c e l l .  A n a e ro b ic a l ly  th e  BN1 
phage had  an  e x te n d e d  l a t e n t  p e r io d  o f  80 m in u te s ,  h o w ev er, 
a s  a  r e s u l t  o f  a  l a r g e  b u r s t  s i z e ,  th e  r a t e  o f  phage p ro d u c t io n  
was o n ly  s l i g h t l y  re d u c e d  (8/6) com pared t o  a e r o b ic  r e p l i c a ­
t i o n  (T ab le  1 * 0 . A s i t u a t i o n  s im i l a r  t o  BN1 i n f e c t i o n  was 
r e p o r t e d  f o r  Rhodonseudom onas s n h e ro ld e s  p h a g e , R S -1 , w hich  
a n a e r o b ic a l ly  h ad  a n  e lo n g a te d  l a t e n t  p e r io d  b u t  th e  same 
b u r s t  s i z e  a s  a e r o b i c a l l y  i n f e c t e d  c e l l s  (A b e llo v lc h  and  
K a p lan , 197*0. In  c o n t r a s t ,  th e  BN6 phage w hich  had  a  s im i l a r  
8 0 -m in u te  l a t e n t  p e r io d  had  as v e r y  s m a ll  a n a e ro b ic  b u r s t  
s i z e  and  t h e r e f o r e  showed a  d ra m a tic  d e c r e a s e  in  phage 
p r o d u c t io n  com pared to  a e r o b ic  r e p l i c a t i o n  (T a b le  1*0 . The 
e x te n d e d  l a t e n t  p e r io d s  may in d i c a t e  t h a t  a n a e ro b ic  c o n d i t io n s  
e x te n d e d  some g e n e r a l  s e q u e n t i a l  e v e n t ( e . g . ,  t r a n s c r i p t i o n )  
f o r  b o th  p h a g e s , w h ile  th e  d i f f e r e n c e s  in  th e  b u r s t  s i z e  f o r  
e a c h  phage may have r e f l e c t e d  d i f f e r e n c e s  in  th e  a n a e ro b ic  
s y n th e t i c  p r o c e s s e s  o f  th e  i n f e c t e d  c e l l s .
186
Growth o f  B. n a  t r i e  g en s  was re d u c e d  75# a n a e r o b lo a l ly  
(P lg u re  62)1  h o w ev er, th e  a n a e r o b ic  s y n th e t i c  c a p a b i l i t y  o f  
th e  h o s t  o e l l  was m o d if ie d  a f t e r  phage I n f e c t i o n .  BN6 -  
ln f e o te d  c e l l s  showed a  97#  r e d u c t io n  In  phage s y n th e s i s  
a n a e r o b ic a l ly  w h i le ,  in  c o n t r a s t ,  B N 1 -in fe c te d  c e l l s  showed 
o n ly  a n  8#  r e d u c t io n  In  a n a e ro b io  phage s y n th e s i s  (T a b le  1*0 . 
Thus BN6 I n f e c t i o n  r e s u l t e d  in  a  r e d u c t io n  o f  a n a e ro b ic  
s y n th e t i c  c a p a b i l i t y  w h ile  BN1 I n f e c t i o n  I n c re a s e d  th e  
a n a e ro b ic  s y n th e t i c  c a p a b i l i t y  o f  th e  h o s t  c e l l  sy s te m . 
E c o lo g ic a l ly ,  In  th e  m arsh es  w here much o f  th e  n u t r i e n t - r i c h  
s u b s t r a t e  i s  a n a e r o b ic ,  th e  Beneokea p h a g e -h o s t  sy stem  can  
f u n c t io n ,  b u t  th e  BN1 phage by v i r t u e  o f  i t s  i n c r e a s e  s y n th e t i c  
c a p a b i l i t y  w ould have a  s e l e c t i v e  a d v a n ta g e  o v e r  th e  BN6 
p h a g e .
The s tu d i e s  o f  B eneokea phage r e p l i c a t i o n  u n d e r v a r io u s  
c u l t u r e  c o n d i t io n s  i n d ic a te d  t h a t  phage i n f e c t i o n  a l t e r e d  
th e  p h y s io lo g ic a l  p r o p e r t i e s  o f  th e  h o s t  c e l l .  The NaCl 
optimum o f  th e  h o s t  o e l l  was re d u c e d  to  0 .1 6  M from  0 .2 5  M 
NaCl a f t e r  i n f e c t i o n  by th e  BN6 phage b u t  was unchanged  by 
BN1 i n f e c t i o n  (P lg u re  2 2 ) .  Under a n a e ro b ic  c o n d i t io n s  i n ­
f e c t i o n  by e i t h e r  phage c a u se d  a  change i n  th e  p r o p e r t i e s  
o f  th e  h o s t  o e l l .  The u n in f e c te d  c e l l  showed a  75# d e c re a s e  
in  g row th  a n a e r o b ic a l ly  w h ile  th e  BN6- I n f e c t e d  c e l l  showed 
a  97# r e d u c t io n  an d  th e  B N 1 -In fe c te d  c e l l  showed o n ly  an  8# 
r e d u c t io n  (T ab le  1*1-, F ig u re  6 2 ) .  The e f f e c t s  o f  re d u c e d  
te m p e ra tu re  seem ed t o  be a  more g e n e r a l  phenomenon a f f o o t i n g  
t o t a l  s y n th e s i s  and  t h e r e f o r e  l i t t l e  d i f f e r e n c e  was o b se rv e d
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b e tw een  I n f e c te d  an d  u n in f e c te d  c e l l s  (F ig u re  6 1 , T a b le  1 3 ) .
The d a t a ,  e s p e c i a l l y  from  th e  NaCl an d  a n a e ro b ic  s t u d i e s ,  
c l e a r l y  ln d lo a te d  t h a t  p h a g e - in f e c te d  c e l l s  had  p h y s io lo g ic a l  
p r o p e r t i e s  d i s t i n c t  from  th o s e  o f  t h e i r  h o s t  c e l l .
E x t r a c e l l u l a r  b a c te r io p h a g e s ,  l i k e  o th e r  v i r u s e s ,  a r e  
In  e s s e n c e ,  b i o l o g i c a l l y  i n e r t  m a c ro m o le cu la r  e n t i t l e s  w hich 
a r e  r e l a t i v e l y  r e s i s t a n t  t o  e n v iro n m e n ta l  f a c t o r s .  E x t r a ­
c e l l u l a r  p h ag es  c an  be c h a r a c t e r i z e d  In  te rm s  o f  t h e i r  p h y s ic a l  
p r o p e r t i e s  In  much th e  same m anner a s  o th e r  o rg a n ic  m acro­
m o le c u le s  ( e . g . ,  p r o t e in s )  a r e  c h a r a c t e r i z e d .  E x t r a c e l l u l a r l y  
th e  p h ag es  a r e  r e l a t i v e l y  I n e r t ,  d e v o id  o f  b i o l o g i c a l  a c t i v i t y  
and  t h e r e f o r e  n o t  s u b je c t  t o  s e l e c t i o n  by  e n v iro n m e n ta l  
c o n d i t i o n s .  I t  i s  t h e r e f o r e  n o t  s u r p r i s i n g  t h a t ,  w i th  r e s p e c t  
t o  p h y s ic a l  p r o p e r t i e s  o f  th e  e x t e r n a l  phage p a r t i c l e ,  th e  
B eneokea p h ag es  Were n o t  u n iq u e ly  d i f f e r e n t  from  b a c te r io p h a g e s  
from  o th e r  s o u r c e s .  When a  phage e n t e r s  a  s u i t a b l e  h o s t  c e l l  
I t  becom es b i o l o g i c a l l y  a c t i v e  and  p o s s e s s e s  p h y s io lo g ic a l  
c h a r a c t e r i s t i c s  w hich  a r e  s u b je c t  t o  s e l e c t i o n  by e n v iro n ­
m e n ta l c o n d i t i o n s .  The d i s t i n c t  c h a r a c t e r i s t i c s  o f  th e  
B eneokea phage sy stem  w hich  r e f l e c t  i t s  m arin e  e x i s te n c e  
w ere t h e r e f o r e  m ost a p p a r e n t  when th e  p h y s io lo g y  o f  r e p l i ­
c a t i o n  was exam ined e s p e c i a l l y  w ith  r e s p e c t  t o  e n v iro n m e n ta lly  
Im p o r ta n t p a r a m e te r s .
The r e p l i c a t i o n  s tu d i e s  d e m o n s tra te d  t h a t  th e  p h a g e -  
in f e c t e d  c e l l  was a  p h y s io l o g i c a l l y  u n iq u e  e i t i t y  in  w hich  
th e  h o s t  c e l l  p h en o ty p e  had  b ee n  m o d if ie d  b y  th e  i n t r o d u c t i o n  
a n d  e x p r e s s io n  o f  th e  phage genom e. The s tu d i e s  f u r t h e r
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l n d io a t e d ,  a s  m ig h t have b een  e x p e c te d *  t h a t  s e l e c t i o n  by 
e n v iro n m e n ta l  f a c t o r s  o o c u rs  p r im a r i l y  a t  th e  l e v e l  o f  
t r a n s l a t i o n  r a t h e r  th a n  t r a n s c r i p t i o n .
E f f o r t s  t o  e s t a b l i s h  th e  m arin e  n a tu r e  o f  a  b a c te r io p h a g e -  
h o s t  sy stem  sh o u ld  s t r e s s  e x a m in a tio n  o f  th e  p h y s io lo g y  o f  
th e  p h a g e - in f e c te d  c e l l  r a t h e r  th a n  th e  c h a r a c t e r i s t i c s  o f  
th e  e x t r a c e l l u l a r  phage i t s e l f .
I I I .  E c o lo g ic a l  C o n s id e r a t io n s .
B a c t e r i a l  p o p u la t io n s  a r e  l a r g e s t  in  a r e a s  w here co n cen ­
t r a t i o n s  o f  o rg a n ic  m a t te r  a r e  h ig h  (Z o b e ll*  1 9 4 6 ). In  th e  
m arin e  en v iro n m en t th e  se d im e n ts  and  w a te r s  o f  th e  c o a s t a l  
o o ean s  an d  e s t u a r i e s  a r e  r i c h e s t  in  o rg a n ic  m a t te r  an d  w ould 
t h e r e f o r e  be e x p e c te d  t o  h av e  th e  l a r g e s t  m arin e  b a c t e r i a l  
p o p u la t io n s  ( K r i s s ,  1 9 6 3 ) . T hese c o a s t a l  h a b i t a t s  a r e  
s u b je c t  t o  g r e a t e r  f l u c t u a t i o n s  in  e n v iro n m e n ta l  f a c t o r s  th a n  
o c e a n ic  r e g io n s  (K in n e , 1970) an d  t h e r e f o r e  c o a s t a l  b a c t e r i a l  
p o p u la t io n s  w ould be e x p e c te d  t o  be m ore d iv e r s e  th a n  th o s e  
i n  th e  open ocean  (W iebe, 1 9 6 5 ) .  F u rth e rm o re*  i n  m arin e  
s e d im e n ts  th e  p o p u la t io n  o f  h e t e r o t r o p h ic  b a c t e r i a  i s  h ig h e r  
and  more s t a b l e  th a n  in  th e  w a te r  colum n (Hayes* 1 9 6 4 ) . In  
l i g h t  o f  th e s e  g e n e r a l  o b s e r v a t io n s  i t  was n o t  s u r p r i s i n g  
t h a t  b a c te r io p h a g e s *  a c t i v e  a g a i n s t  B. n a t r l e g e n s . a  m arin e  
b a c te r iu m  fo u n d  in  c o a s t a l  s e d im e n ts ,  c o u ld  b e  r e a d i l y  
i s o l a t e d  from  mud sam p les  c o l l e c t e d  i n  c o a s t a l  s a l t  m a rsh e s .
The p re s e n c e  o f  B aneokea p h ag es  was n o t  an  i s o l a t e d  in c id e n t
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c o n f in e d  t o  a  s p e c i f i c  g e o g ra p h ic  a re a *  h u t  I n s te a d  th e  
I s o l a t i o n  o f  m o rp h o lo g ic a l ly  d iv e r s e  B eneokea p h ag es  from  
a l l  th e  c o a s t a l  sam p les  I n d ic a te d  th e  e x i s te n c e  o f  a  l a r g e ,  
d i v e r s e ,  p o p u la t io n  o f  b a c te r io p h a g e s  a c t i v e  a g a i n s t  t h i s  
s in g l e  h o s t  b a c te r iu m .
The p re s e n c e  o f  a  d iv e r s e  g ro u p  o f  p h ag es  I s  n o t ,  
h o w ev er, u n iq u e  t o  B. n a t r l e g e n s  b u t  r e p r e s e n t s  a  common 
phenomenon among b a c t e r i a .  The num erous r e p o r t s  o f  o th e r  
m a rin e  p h a g e -h o s t  sy stem s t h e r e f o r e  s u g g e s ts  t h a t  l a r g e  
d iv e r s e  m a rin e  b a c te r io p h a g e  p o p u la t io n s  a r e  p r e s e n t  In  
m a rin e  w a te r s  and  a r e  a  s i g n i f i c a n t  com ponent o f  th e  m arin e  
m ic r o b ia l  b i o t a .
Prom th e  w ork o f  A hrens (1971) on A g ro b ao te rlu m  p h ages 
i n  th e  B a l t i c  Sea and  B aro ss  (1972) on V ib r io  p h ag es  in  P uget 
Sound I t  a p p e a r s  t h a t  phage d i s t r i b u t i o n  an d  abundance in  
m arin e  w a te r s  a r e  d ep en d e n t on th e  d i s t r i b u t i o n  and  abundance  
o f  t h e i r  m a rin e  h o s t  b a c t i e r a .  E n v iro n m e n ta l f a c t o r s  su ch  
a s  s a l i n i t y  (A h ren s , 1971) and  te m p e ra tu re  (B a ro ss , 1972) 
a l s o  a f f e c t  th e  d i s t r i b u t i o n  o f  m a rin e  p h ag es  and  t h e i r  
h o s t s .  In  l i g h t  o f  t h i s  c o r r e l a t i o n  b e tw een  h o s t  an d  phage 
d i s t r i b u t i o n  an d  th e  s p e c i f i c i t y  o f  th e  Beneokea p h ag es  f o r  
t h e i r  h o s t  (T a b le s  2 and  5)# a  w ide c o a s t a l  d i s t r i b u t i o n  I s  
a l s o  Im p lie d  f o r  B. n a t r l e g e n s . I t  was n o t  f e a s i b l e  in  t h i s  
s tu d y  t o  I s o l a t e  and  i d e n f i t y  B. n a t r l e g e n s  from  th e  mud 
sa m p le s i h o w ev er, f o r  one l o c a l i t y ,  S a p e lo  I s l a n d ,  G a , , b o th  
th e  p h ag es  and  th e  h o s t  b a c te r iu m  have b ee n  i s o l a t e d .
1 9 0
The B eneokea p h ag es  w ere n o t  m o rp h o lo g ic a l ly  d i s t i n c t  
from  p h ag es  o f  n o n -m a rin e  b a c t e r i a .  I t  was p o s s ib le  t h e r e ­
f o r e  t h a t  th e  B eneokea p h ag es  n o rm a lly  r e p l i c a t e d  i n  f r e s h ­
w a te r  o r  t e r r e s t r i a l  a r e a s  on a n  a l t e r n a t e  n o n -m a rin e  h o s t  
b a c te r iu m  an d  w ere th e n  w ashed i n t o  th e  c o a s t a l  m a rin e  w a te r s  
w here th e y  w ere I s o l a t e d .  The s p e c i f i c i t y  o f  th e  p h ag es  f o r  
B. n a t r l e g e n s  was a n  i n d i c a t i o n  t h a t  th e  p h ag es  d id  n o t  have 
a l t e r n a t e  f r e s h w a te r  h o s t s  (T ab le  2 an d  5 ) .  A d d i t io n a l  
e v id e n c e  show ing t h a t  th e  p h ag es  w ere m arin e  was o b ta in e d  by 
sa m p lin g  f o r  B eneokea p h ag es  in  th e  York R iv e r  e s tu a r y  in  
th o s e  a r e a s  s p a n n in g  th e  t r a n s i t i o n  from  f r e s h  to  b r a c k is h  
w a te r .
At th e s e  t r a n s i t i o n a l  a r e a s  w here s a l i n i t y  g r a d u a l ly  
d e c r e a s e s  from  b r a c k i s h  t o  f r e s h w a te r  l e v e l s  t h e r e  i s  a l s o  
a  t r a n s i t i o n  in  th e  b i o t a  from  m a rin e  t o  f r e s h w a te r  fo rm s . 
S a l i n i t y  w i th in  th e  e s tu a r y  i s  a  dynam ic f a c t o r  w hich  
d e c r e a s e s  g r a d u a l ly  a s  one moves u p - r i v e r , b u t  a l s o  ch an g es 
w ith  th e  t i d e s  an d  s e a s o n s .  S u r v iv a l ,  f o r  m a rin e  o rg an ism s 
i n  low  s a l i n i t i e s ,  d ep en d s  on th e  d u r a t io n  o f  e x p o su re  to  
s a l i n i t i e s  be low  p h y s io l o g i c a l l y  c r i t i c a l  l e v e l s  (Z ach ary  
and  H aven, 197*0 . In  t h i s  t r a n s i t i o n  from  m a rin e  t o  f r e s h -  
w a te r s  t h e r e  i s  a  p o in t  in  th e  s a l i n i t y  g r a d ie n t  w here s a l i ­
n i t i e s  f l u c t u a t e  above and  below  th e  p h y s io l o g i c a l l y  c r i t i c a l  
l e v e l  f o r  a  g iv e n  o rg an ism  and  i t  i s  i n  t h i s  r e g io n  t h a t  th e  
e f f e c t s  o f  lo w ered  s a l i n i t y  on th e  d i s t r i b u t i o n  o f  a  m arin e  
o rg an ism  s h o u ld  b e  m ost a p p a r e n t ,  (Z ach a ry  an d  H aven, 197**).
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F o r t h i s  r e a s o n  th e  m ost e x te n s iv e  sam p lin g  f o r  B eneokea 
p h ag es  was co n d u c te d  In  th e  t r a n s i t i o n a l  a r e a s  o f  th e  York 
R iv e r  e s tu a r y .
The Beneokea p h ag es  w ere n o t  found  In  f r e s h w a te r  a r e a s  
w hich  em p tied  I n to  th e  York R iv e r  e s tu a r y  and  w ere n o t  
t h e r e f o r e  n o n -m a rin e  p h ag es  b e in g  washed I n to  th e  e s tu a r y  
(T a b le  3 ) .  In  th e  u p p e r  e s tu a r y  th e r e  was an  a r e a  w here 
s a l i n i t i e s  v a r i e d  from  l e s s  th a n  1 o /o o  to  a b o u t 7 o /o o  and 
phage p re s e n c e  In  t h i s  a r e a  was v a r i a b l e .  T h is  was th e  
t r a n s i t i o n a l  a r e a  o f  th e  s a l i n i t y  g r a d ie n t  f o r  th e  Beneokea 
p h a g e s . In  a r e a s  d o w n riv e r  w here sam ple s a l i n i t i e s  a lw ay s  
ex c ee d ed  7 o /o o  th e  p h ag es  w ere a lw a y s  p r e s e n t  (T ab le  3 ) .  
A hrens (1971) d e s c r ib e d  a  s im i l a r  s a l i n i ty - d e p e n d e n t  d i s t r i ­
b u t io n  f o r  A g ro b ac te riu m  p h ag es  i n  th e  B a l t i c  S e a . The phage 
num bers d e c re a s e d  a t  s a l i n i t i e s  l e s s  th a n  8 o /o o  w hich  was 
th e  lo w e r s u r v iv a l  s a l i n i t y  f o r  th e  h o s t  b a c te r iu m . In  th e  
N o rth  B a l t i c  Sea C ana l s a l i n i t i e s  d e c re a s e d  from  2 1 .2  t o  
2 .8  o /o o  and  A hrens (1971) o b se rv e d  a  c o r re s p o n d in g  d e c re a s e  
in  phage t i t e r  from  5600 p fu /m l t o  1 p fu /m l in  t h e  c a n a l .
The B eneokea p h ag es  w ere m ore r e s i s t a n t  t o  low  s a l i n i t i e s  
th a n  t h e i r  h o s t  b a c te r iu m  and  c o u ld  t h e r e f o r e  re m a in  a c t i v e  
in  low  s a l i n i t i e s  in  w hich  r e p l i c a t i o n  was im p o s s ib le  b e c a u se  
t h e i r  h o s t  c e l l s  c o u ld  n o t  s u r v iv e .  In  s t e r i l e  e s tu a r i n e  
w a te r  th e  p h ages rem a in ed  a c t i v e ,  how ever, in  u n t r e a t e d  
n a t u r a l  e s tu a r i n e  w a te r  th e  phage t i t e r  d e c re a s e d  (F ig u re s  
1 3 -1 * 0 . T h is  in d ic a te d  t h a t  in  th e  e s tu a r y  Beneokea p h ag es  
a r e  c o n s ta n t ly  b e in g  i n a c t i v a t e d  by some n a t u r a l  p r o c e s s .
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A hrens (1971) r e p o r t e d  a  s im i l a r  I n a c t i v a t i o n  o f  A g ro b ao te rlu m  
p h ag es  In  e s tu a r i n e  w a te r  from  th e  B a l t i c  S e a . The p re se n c e  
o f  a n  I n a c t i v a t i o n  p ro c e s s  Im p lie s  t h a t  m a in te n a n c e  o f  phage 
p re s e n c e  in  e s tu a r i n e  w a te r s  r e q u i r e s  c o n s ta n t  r e p le n is h m e n t  
o f  p h ag es  by  r e p l i c a t i o n .  The a b se n c e  o f  phage in  low s a l i n i t y  
a r e a s  i s  n o t  t h e r e f o r e  due t o  th e  e f f e c t  o f  low  s a l t  l e v e l s  
on th e  p h ag es  th e m se lv e s  b u t  i n s t e a d  r e s u l t s  from  a  n a t u r a l  
r e d u c t io n  In  phage num bers co u p le d  w ith  th e  f a i l u r e  o f  th e  
p h ag es  t o  r e p l i c a t e  b e c a u se  s a l i n i t i e s  a r e  to o  low  f o r  th e  
h o s t  c e l l s  t o  s u r v iv e .  The lo w er s a l i n i t y  l i m i t  f o r  phage 
d i s t r i b u t i o n  was t h e r e f o r e  d e te rm in e d  by th e  low er, s u r v i v a l  
s a l i n i t y  o f  B. n a t r l e g e n s .
At t r a n s i t i o n a l  a r e a s  o f  th e  York f i iv e r  e s tu a r y  th e  
a p p e a ra n c e  o f  B eneckea p h ag es  fo llo w e d  p e r io d s  o f  h ig h e r  
p e rm is s iv e  ( r e p l i c a t i o n  p o s s ib l e )  s a l i n i t i e s  (more th a n  k  o /o o )  
an d  p h ag es  w ere n o t  d e te c te d  a f t e r  p e r io d s  o f  lo w er n o n - 
p e rm is s iv e  s a l i n i t i e s  (F ig u re  1 1 ) .  P resum ab ly  a t  h ig h  t i d e s ,  
o r  d u r in g  p e r io d s  o f  re d u c e d  f r e s h w a te r  in f lo w , th e  p h ag es  
moved u p - r i v e r  in  w a te r  o f  p e rm is s iv e  s a l i n i t i e s  to  a r e a s  
i n  w hich  s a l i n i t i e s  had  p r e v io u s ly  b e e n  too  low  t o  a l lo w  phage 
r e p l i c a t i o n .  As lo n g  a s  s a l i n i t i e s  re m a in e d  a t  p e rm is s iv e  
l e v e l s  th e  p h ag es  w ere a b le  to  r e p l i c a t e  arid m a in ta in  t h e i r  
p r e s e n c e ,  h o w ev er, when s a l i n i t i e s  f e l l  t o  n o n -p e rm is s lv e  
l e v e l s  th e  p h ag es  c o u ld  no lo n g e r  r e p l i c a t e  and  t h e i r  num bers 
d e c re a s e d  u n t i l  th e y  c o u ld  n o t  be d e t e c t e d .
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In  e s tu a r i n e  a r e a s  w here s a l i n i t i e s  w ere a t  p e rm is s iv e  
l e v e l s  th ro u g h o u t th e  y e a r ,  B eneokea p h ag es  w ere p r e s e n t  a l l  
y e a r .  T h is  i n d ic a te d  t h a t  low  w in te r  te m p e ra tu re s  d id  n o t  
c a u se  phage l e v e l s  t o  f a l l  below  d e t e c t a b l e  l e v e l s .  In  th e  
l a b o r a t o r y  lo w ered  te m p e ra tu re s  an d  even  f r e e z in g  and  
th a w in g  d id  n o t  re d u c e  BN1 and  BN6 phage t i t e r s  (F ig u re s  
1 5 -1 6 ) .  How ever, a t  low  te m p e r a tu re s  t y p i c a l  o f  w in te r  th e  
r a t e  o f  h o s t  g ro w th  a s  w e l l  a s  phage s y n th e s i s  w ere g r e a t l y  
re d u c e d  (T ab le  1 3 , F ig u re  6 l ) .  In  th e  f i e l d  t h e n ,  a t  summer 
te m p e r a tu re s  w hich  a l lo w  r a p i d  phage s y n th e s i s ,  s h o r t  p e r io d s  
o f  p e rm is s iv e  s a l i n i t i e s  (p e rh a p s  a  few  h o u rs  a t  h ig h  t i d e )  
w ould be  s u f f i c i e n t  to  a l lo w  p r o d u c t io n  o f  h ig h  phage t i t e r s .  
T h e re f o re ,  lo n g e r  p e r io d s  o f  n o n -p e rm is s iv e  s a l i n i t i e s  w ould 
be n eed ed  f o r  i n a c t i v a t i o n  t o  re d u c e  th e  phage num bers t o  
l e s s  th a n  d e t e c t a b l e  l e v e l s .  In  c o n t r a s t ,  a t  w in te r  te m p e ra ­
t u r e s ,  th e  r a t e  o f  phage s y n th e s i s  i s  v e ry  low  and  lo n g  
p e r io d s  o f  p e rm is s iv e  s a l i n i t i e s  w ould be n eed ed  t o  a l lo w  
r e p l i c a t i o n  t o  r a i s e  th e  phage num bers t o  l e v e l s  n e c e s s a r y  
f o r  m a in te n a n c e  o f  phage p r e s e n c e .  The num bers o f  phage 
p r e s e n t  in  w in te r  w ould a l s o  be e x p e c te d  to  be lo w er th a n  
in  summer and  i f  th e  r a t e  o f  i n a c t i v a t i o n  w ere th e  same in  
w i n t e r ,  s h o r t e r  p e r io d s  o f  n o n -p erm i s s i v e  s a l i n i t i e s  w ould 
a l lo w  r e d u c t io n  o f  phage num bers t o  l e s s  th a n  d e t e c t a b l e  
l e v e l s .
The s e a s o n a l  in c id e n c e  o f  Beneokea p h ag es  a t  two 
t r a n s i t i o n a l  a r e a s  p ro v id e d  some i n d i c a t i o n  t h a t  th e  com bined 
e f f e c t s  o f  te m p e ra tu re  an d  s a l i n i t y  may have b een  a s  d e s c r ib e d
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a b o v e . U n f o r tu n a te ly  th e  sa m p lin g  was i n t e r m i t t e n t  an d  
t h e r e f o r e  th e  i n t e r p r e t a t i o n s  made o f  t h i s  d a ta  a r e  o n ly  
t e n t a t i v e .  In  J u ly  and A ugust 1972 (w a te r  te m p e ra tu re s  
2 5 -2 6  C) phage w ere n o t  d e te c te d  a t  e i t h e r  th e  M il le r  L anding  
o r  West P o in t ,  V i r g in i a  s t a t i o n s  (F ig u re  1 1 ) .  Phage r e p l i ­
c a t i o n  was n o t  p o s s ib le  th ro u g h o u t  t h i s  p e r io d  a s  s a l i n i t i e s  
w ere a t  n o n -p e rm is s iv e  l e v e l s  due t o  a  l a r g e  in f lo w  o f  
f r e s h  w a te r  a s s o c i a t e d  w ith  th e  p a s sa g e  o f  H u rr ic a n e  Agnes 
i n  June 1972 (A ndersen  e t  a l . ,  1 9 7 3 ) . The r e d u c t io n  in  
s a l i n i t y  was so  s e v e re  in  t h i s  p e r io d  t h a t  p h ag es  w ere  n o t  
d e te c te d  a t  T anyard  L a n d in g , a  s t a t i o n  a b o u t 1 n a u t i c a l  m ile  
down r i v e r  from  M il le r  L a n d in g , w h e re , in  s u b se q u e n t sam p lin g  
s a l i n i t i e s  w ere a lw ay s  a t  p e rm is s iv e  l e v e l s  and  p h ag es  w ere 
a lw a y s  d e t e c t e d .  When s a l i n i t i e s  in c r e a s e d  t o  p e rm is s iv e  
l e v e l s  in  S ep tem b er, p h ag es  w ere d e te c te d  a t  b o th  th e  t r a n s i ­
t i o n a l  s t a t i o n s  and  re m a in e d  p r e s e n t  i n to  O c to b e r when 
s a l i n i t i e s  f e l l  a g a in  t o  n o n -p e rm is s iv e  l e v e l s  (F ig u re  1 1 ) .  
P resu m ab ly  phage num bers w ere q u i t e  h ig h  d u r in g  t h i s  summer 
p e r io d  and  s e v e r a l  w eeks w ere n e c e s s a r y  f o r  r e d u c t io n  o f  
phage num bers t o  l e s s  th a n  d e t e c t a b l e  l e v e l s .
In  o o n t r a s t ,  d u r in g  January-M ay  1973 (w a te r  te m p e ra tu re s  
6 -2 1  C) on t h r e e  .o c c a s io n s  a t  M i l l e r  L and ing  and  tw ic e  a t  
West P o in t ,  a f t e r  a  b r i e f  r i s e  in  s a l i n i t y  p h ag es  w ere 
d e te c te d  an d  th e n  q u ic k ly  d is a p p e a re d  (4 -8  d a y s )  when s a l i n i ­
t i e s  a g a in  d ro p p ed  to  n o n -p e rm is s iv e  l e v e l s  (F ig u re  1 1 ) .
The r a p i d  d is a p p e a ra n c e  o f  th e  p h ag es  may have o c c u r re d  
b e c a u se  phage num bers, ev en  when d e t e c t a b l e ,  may have been
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low  due t o  th e  lo w ered  r a t e s  o f  s y n th e s i s  a t  w in te r  
te m p e r a tu re s .
In  summary In  e s tu a r i n e  w a te r s  th e r e  I s  a  n a t u r a l  
p r o c e s s  o f  b a c te r io p h a g e  I n a c t i v a t i o n  and  phage p re se n c e  In  
a n  a r e a  r e q u i r e s  c o n tin u e d  phage r e p l i c a t i o n  w hich  Im p lie s  
s a l i n i t i e s  a t  p e rm is s iv e  l e v e l s .  At low  w in te r  te m p e ra tu re s  
th e  r a t e  o f  phage s y n th e s i s  I s  re d u c e d  and  lo n g e r  p e r io d s  
o f  p e rm is s iv e  s a l i n i t i e s  may be r e q u i r e d  t o  m a in ta in  phage 
p re s e n c e  In  a n  a r e a  In  w in te r  th a n  In  summer.
Much o f  th e  e a r l y  r e s e a r c h  e f f o r t  In  m a rin e  m ic ro b io lo g y  
h a s  b een  d i r e c t e d  to w ard  d e m o n s tr a t in g  t h a t  m ic ro o rg a n ism s  
fo u n d  o n ly  In  m arin e  w a te r s  have u n iq u e  c h a r a c t e r i s t i c s  
w hich  r e f l e c t  t h e i r  a b i l i t y  to  s u rv iv e  In  th e  s e a s  and  
e s t u a r i e s .  The o rg a n ism s  w hich  a r e  s u c c e s s f u l  In  th e  m arin e  
en v iro n m en t w i l l  p o s s e s s  c h a r a c t e r i s t i c s ,  s e l e c t i v e l y  
f a v o re d  by  t h e i r  e n v iro n m e n t, w hich  make them  d i s t i n c t l y  
d i f f e r e n t  from  s im i l a r  o rg an ism s  w hich  o c c u r  in  o th e r  
e n v iro n m e n ts .
The B eneokea p h a g e -h o s t  system  was com posed o f  th r e e  
co m p o n en ts , th e  e x t r a c e l l u l a r  p h ag e , th e  h o s t  b a c t e r i a l  c e l l  
an d  th e  p h a g e - ln f e c te d  c e l l .  These com ponents had  d i s t i n c t  
c h a r a c t e r i s t i c s  and  w ere in  v a ry in g  d e g re e s  s u s c e p t i b l e  to  
s e l e c t i o n  by e n v iro n m e n ta l  f a c t o r s .  Of th e  t h r e e  com ponents 
th e  e x t r a c e l l u l a r  p h a g e , d e v o id  o f  b i o l o g i c a l  a c t i v i t y ,  and 
r e l a t i v e l y  r e s i s t a n t  to  e n v iro n m e n ta l c o n d i t i o n s ,  was o f  
l e a s t  im p o rtan ce  In  l i m i t i n g  th e  d i s t r i b u t i o n  o f  th e  p h a g e -h o s t  
sy s te m . I t  was th e  h o s t  o e l l  w hich  r e q u i r e d  Na+ a t  m arin e
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l e v e l s  t h a t  l i m i t e d  th e  p h a g e -h o s t  sy stem  t o  m arin e  w a te r s .  
H ow ever, th e  d i s t r i b u t i o n  and  abundance  o f  th e  I n d iv id u a l  
p h ag es  w i th in  th e  ra n g e  o f  t h e i r  h o s t  b a c te r iu m  w ere p r i ­
m a r i ly  In f lu e n c e d  by th e  d i f f e r e n c e s  In  th e  c a p a b i l i t i e s  o f  
th e  p h a g e - In f e c te d  o e l l s .
The s tu d i e s  o f  th e  BN1 and  BN6 p h ages p ro v id e d  a n  
e x c e l l e n t  exam ple o f  how th e  c a p a b i l i t i e s  o f  th e  p h a g e -  
i n f e c t e d  o e l l  In f lu e n c e d  phage d i s t r i b u t i o n .  Both p h ag es  
c o u ld  r e p l i c a t e  o v e r th e  e n t i r e  ra n g e  o f  c o n d i t io n s  In  w hich 
th e  h o s t  c e l l  c o u ld  s u r v iv e .  T h e re fo re  w i th in  t h i s  r a n g e  
th e  p h ag es  w ere co m p etin g  f o r  th e  same h o s t  c e l l s .  The BN6 
phage was b e s t  a b le  to  com pete a t  th e  lo w er s a l i n i t i e s  (lo w er 
NaCl c o n c e n t r a t io n s )  in  w hich  B^ n a t r l e g e n s /  s u rv iv e d ,  due 
t o  th e  g r e a t e r  phage s y n th e s i s  c a p a b i l i t y  o f  th e  BN6 p h ag e- 
i n f e c t e d  c e l l  c o u p le d  w ith  th e  lo w ered  a d s o r p t io n  r a t e  o f 
t h e  co m p e tin g  BN1 phage (F ig u re s  2 1 -2 2 ) .  H ow ever, th e s e  
lo w e r s a l i n i t i e s  w ere l e s s  th a n  o p tim a l  f o r  h o s t  c e l l  g row th  
and  i t  3s l i k e l y  t h a t  few er c e l l s  a r e  a v a i l a b l e  f o r  phage 
r e p l i c a t i o n .  In  c o n t r a s t ,  a t  h ig h e r  s a l i n i t i e s ,  BN1 phage 
a d s o r p t io n  was much g r e a t e r  th a n  BN6 a d s o r p t io n  and  th e  BN1 
p h a g e - in f e c te d  c e l l ,  w i th  th e  same NaCl optimum a s  th e  h o s t  
c e l l ,  c o u ld  p ro d u ce  th e  g r e a t e s t  number phage when th e  
l a r g e s t  number o f  h o s t  c e l l s  w ould be a v a i l a b l e .  In  a d d i t i o n  
th e  B N 1 -In fe c te d  c e l l  had  much g r e a t e r  phage p ro d u c in g  
c a p a b i l i t i e s  a n a e r o b ic a l ly  th a n  th e  B N 6 -in fe o te d  o e l l ,  w hich 
p ro v id e d  a n  a d v a n ta g e  o v e r  th e  e n t i r e  s a l i n i t y  r a n g e .  I t  
was n o t  s u r p r i s i n g  t h e r e f o r e  t o  f in d  t h a t  BN6 p h ages w ere
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p r e s e n t  o n ly  In  sam p les  from  low  s a l i n i t i e s  and  th e  BN1 
p h ag es  w ere p r e s e n t  in  sam p les  o v e r th e  e n t i r e  s a l i n i t y  
ra n g e  (T ab le  1 ) .  Thus th e  c h a r a c t e r i s t i c s  o f  th e  s p e c i f i c  
p h a g e - in f e c te d  c e l l  in f lu e n c e d  th e  abundance  and  d i s t r i b u t i o n  
o f  t h a t  phage w i th in  th e  ra n g e  o f  t h e  h o s t  c e l l .
The Beneokea p h a g e -h o s t  sy stem  was i s o l a t e d  from  a 
m arin e  h a b i t a t  and  c o u ld  f u n c t io n  a t  c o n d i t io n s  r e p r e s e n t a ­
t i v e  o f  th e  in  s i t u  c o n d i t io n s  o f  t h a t  h a b i t a t .  F u r th e rm o re , 
t h i s  p h a g e -h o s t  sy stem  was l im i te d  t o  m arin e  w a te r s  due t o  
s p e c i f i c  r e q u ire m e n ts  f o r  Na+ a t  t y p i c a l l y  m arin e  l e v e l s .
B ased  on th e s e  c h a r a c t e r i s t i e s  th e  Beneokea p h a g e -h o s t  
sy stem  can  be c l a s s i f i e d  a s  m a r in e . However, c l o s e r  c o n s id e r a ­
t i o n  o f  th e  Na+ o p tim a , a s  w e l l  a s ,  th e  o th e r  p h y s io lo g ic a l  
c h a r a c t e r i s t i c s  o f  t h i s  p h a g e -h o s t  sy stem  in d ic a te d  t h a t  a
more d e f in e d  e n v iro n m e n ta l  d i s t i n c t i o n  c o u ld  be  m ade. The 
+
Na o p tim a  f o r  th e  B eneokea p h a g e -h o s t  sy stem  w ere a t  m arin e  
l e v e l s ,  h o w ever, th e y  w ere t y p i c a l  o f  Na+ l e v e l s  e n c o u n te re d  
in  e s tu a r i n e  (1^ o r  21 o /o o )  r a t h e r  th a n  o c e a n ic  w a te r s .  In  
a d d i t i o n ,  th e  optimum te m p e ra tu re  f o r  th e  sy s te m , 27 C, i s  a  
v a lu e  w hich  i s  seldom  e n c o u n te re d  i n  th e  open ocean  b u t  i s  
much more l i k e l y  to  o c c u r  in  s h a llo w , c o a s t a l  w a te r s ,  su ch  
a s  s a l t  m a rsh e s . T hus, b a se d  on s a l i n i t y  an d  te m p e ra tu re  
o p tim a , th e  B«neckea p h a g e -h o s t  sy s te m , w h ile  n o t  l i m i t e d  
t o  e s tu a r i n e  w a te r s ,  i s  w e l l  s u i t e d  t o  f u n c t io n  in  e s tu a r i n e  
c o n d i t i o n s .  The a b i l i t y  o f  th e  sy stem  t o  f u n c t io n  a n a e r o b i ­
c a l l y  i s  a l s o  o f  g r e a t  a d v a n ta g e  in  th e  e s tu a r i n e  m arsh 
h a b i t a t  w here th e  h ig h e s t  c o n c e n t r a t io n s  o f  o rg a n ic  n u t r i e n t s  
o c c u r  in  th e  a n a e ro b ic  m arsh mud.
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The e s tu a r i n e  n a tu r e  o f  th e  B engckea-phage h o s t  sy stem  
c an  a l s o  be d e m o n s tra te d  by a  co m p ariso n  o f  th e  s a l i n i t y  and 
te m p e ra tu re  o p tim a  o f  th e  h o s t  c e l l ,  B. n a t r l e g e n s . w ith  
th o s e  o f  th e  o c e a n ic  b a c te r iu m . V ib r io  m a r ln u s . B oth  
b a c t e r i a  a r e  m arin e  and  have s p e c i f i c  Na+ r e q u i r e m e n ts ,  
h o w ev er, B. n a t r l e g e n s  h a s  i t s  g row th  optimum a t  0 .2 5  M 
Na+ , a n  e s tu a r i n e  l e v e l  a t  w hich V. m arin iis  grow s v e r y  p o o r ly  
(M o rita  e t  a l . , 1 9 7 3 ). The g ro w th  optimum f o r  V. m a rln u s  i s  
a t  a b o u t 0 .4  M Na+ w hich  i s  t y p i c a l  o f  o c e a n ic  Na+ l e v e l s .
In  te rm s  o f  te m p e ra tu re  o p tim a  B. n a t r le g e n s  grow s b e s t  a t  
a b o u t 27 C, a  v a lu e  r e a c h e d  o n ly  In  s h a llo w  m arin e  w a te r s .
V. mnrlnuH grow s o p t im a l ly  a t  1 0 .5  C a t  e s tu a r i n e  s a l i n i t i e s  
and  a t  o c e a n ic  s a l i n i t i e s  a t  21 C and  i s  t h e r e f o r e  w e l l  
s u i t e d  f o r  g row th  in  th e  d e e p e r  o c e a n ic  a r e a s  w here i t  was 
i s o l a t e d  (S ta n le y  and  M o r ita ,  1 9 6 8 ). At p r e s e n t ,  t h e r e  i s  
no f i e l d  v e r i f i c a t i o n  o f  th e  d i s t r i b u t i o n  o f  th e s e  two 
b a c t e r i a  in  e s t u a r i e s  an d  th e  open o c e a n . D i s t r i b u t i o n a l  
s t u d i e s  have how ever, b een  done by C o lw e ll e t  a l . , (1973) 
f o r  V ib r io  o a ra h a e m o ly t lc u s . an  e s tu a r i n e  b a c te r iu m  q u i t e  
s i m i l a r  t o  B. n a t r l e g e n s  (Baumann e t  a l . ,  1971* have p la c e d  
V. p a rah aem o l-v tlo u s  in  th e  genus B »neokea) .  V. p a ra h a e m o ly tlc u s  
i s  l i m i t e d  t o  m arin e  w a te r s  by i t s  Na+ re q u ire m e n t b u t  i s  
fo u n d  o n ly  e s tu a r i n e  an d  c o a s t a l  w a te r s  o f  th e  te m p e ra te  zone 
an d  n o t  in  t h e  open o cean  (C o lw e ll ,  e t  a l . ,  1 9 7 3 ) . C onfirm a­
t i o n  o f  th e  e x i s te n c e  o f  d i s t i n c t  e s tu a r in e  and  o c e a n ic  
b a c t e r i a l  and  b a c te r io p h a g e  p o p u la t io n s  w i l l  r e q u i r e  c o n tin u e d  
l a b o r a to r y  and  f i e l d  r e s e a r c h .  H ow ever, b a se d  on e x i s t i n g
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e v id e n c e  th e r e  a r e  i n d i c a t i o n s  t h a t  th e  same e n v iro n m e n ta l  
d i s t i n c t i o n s  made f o r  p o p u la t io n s  o f  h ig h e r  m arin e  o rg an ism s  
( e .g .  e s tu a r i n e  v s  o c e a n ic )  oan be made f o r  m arin e  m ic r o b ia l  
p o p u la t io n s .  In  a d d i t i o n ,  th e  s t r i k i n g  s i m i l a r i t y  in  th e  
e s t u a r i n e  d i s t r i b u t i o n a l  p a t t e r n s  o f  m arin e  m acro o rg an ism s 
and  m arin e  b a c t e r i a l  and  phage p o p u la t io n s  in  low  t r a n s i t i o n a l  
s a l i n i t i e s  i n d i c a t e s  t h a t  th e r e  may be a  b a s ic  ( c e l l u l a r )  
m echanism  by w hich  e n v iro n m e n ta l  f a c t o r s  su ch  a s  s a l i n i t y  
e f f e c t  a l l  m arin e  o rg a n ism s . Use o f  p h a g e -h o s t  sy s te m s , 
p a r t i c u l a r l y  th o s e  f o r  E. c o l l . have b een  in s t r u m e n ta l  t o  o u r 
b a s ic  u n d e r s ta n d in g  c e l l u l a r  p r o c e s s e s  and  i t  i s  l i k e l y  t h a t  
m arin e  p h a g e -h o s t  sy s tem s  can  be s u c c e s s f u l ly  em ployed to  
s tu d y  th e  c e l l u l a r  m echanism s by w hich  m arin e  o rg an ism s  a r e  
in f lu e n c e d  by f a c t o r s  o p e r a t in g  in  t h e i r  e n v iro n m e n t.
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A ppendix B
Q u a n t i t a t io n  o f  B eneokea Phage D i s t r i b u t i o n
Two m a jo r d i f f i c u l t i e s  e x i s t  in  q u a n t i t a t i v e  sam p lin g  
f o r  b a c te r io p h a g e s  in  th e  f i e l d .  F i r s t ,  phage num bers a r e  
g e n e r a l l y  q u i t e  lo w , m aking d i r e c t  c o u n ts  Im p o s s ib le  and  
some m eans o f  c o n c e n t r a t io n  o r  e n r ic h m en t a r e  r e q u i r e d  to  
d e t e c t  th e  b a c te r io p h a g e s  ( s e e  H i l l  e t  a l . ,  1 9 7 1 ). T h is  
d i f f i c u l t y  was e v id e n t  in  a l l  th e  q u n a t l t a t i v e  sa m p lin g  
a t t e m p ts i  phage w ere n o t  d e te c te d  in  d l r e o t  o o u n ts  when 
e n r ic h e d  sam p les showed t h a t  p h ag es  w ere in d e e d  p r e s e n t .  At 
C a r te r  C reek  one h a l f  o f  each  o f  16 mud sam p les  was c o u n ted  
d i r e c t l y  w h ile  th e  d u p l i c a t e  h a l f  was e n r ic h e d  an d  m o n ito re d  
q u a l i t a t i v e l y  f o r  phage p r e s e n c e .  Phages w ere d e te c te d  in  
o n ly  f o u r  o f  th e  sam p les  c o u n te d  d i r e o t l y ,  y e t  th e  e n r ic h e d  
sam p les  showed t h a t  phage w ere p r e s e n t  in  a l l  16 sa m p le s . 
S im i la r  r e s u l t s  w ere o b ta in e d  in  th e  o th e r  t h r e e  sam p lin g  
e x p e r im e n ts  when phage num bers w ere low (T a b le s  B 1-B 3).
The seco n d  d i f f i c u l t y  in  q u a n t i t a t i o n  s tu d i e s  i s  
i n t e r p r e t a t i o n  o f  th e  n u m e r ic a l  d a ta  o b ta in e d .  Due t o  th e  
r a p i d  g e n e r a t io n  tim e  o f  b a c te r io p h a g e s  th e  p re se n c e  o f  a  
s i n g l e ,  phage may be a s  s i g n i f i c a n t  a s  s e v e r a l  th o u sa n d  
p h a g e s . T h is  ty p e  o f  d i f f i c u l t y  was m ost e v id e n t  in  th e  
T im berneck  C reek  sa m p lin g . The e x p e r im e n t was s u c c e s s f u l
2 0 5
2 0 6
i n  t h a t  i t  d e m o n s tra te d  t h a t  th e  num ber o f  p h ag es  ln o re a s e d  
a s  th e  s a l i n i t y  in c r e a s e d  due t o  th e  incom ing  t i d e  (T ab le  
B l ) .  The n u m e r ic a l  d a ta  a t  h ig h  t i d e  (6 h o u rs  a f t e r  low  
w a te r )  showed 1 p la q u e  on each  o f  5 p l a t e s  w h i l t  th e  sam ple 
two h o u rs  l a t e r  showed 4 p l a t e s  w ith  no p la q u e s  and  one 
w i th  200 p la q u e s .  The d i f f i c u l t y  i s  in  how to  a s s e s s  t h i s  
d a t a ,  in  te rm s  o f  w hich  sam ple h ad  th e  h ig h e r  number o f  
p h a g e s . The 200 p la q u e s  may have r e p r e s e n te d  l y s i s  o f  a  
s in g l e  i n f e c t e d  c e l l  o r  may have b een  th e  r e s u l t  o f  a g g re g a ­
t i o n .  One means o f  overcom ing  t h i s  ty p e  o f  sam p lin g  d i f f i ­
c u l t y  i s  t o  in c r e a s e  th e  number o f  sam p les  and  su b -sam p le  
p l a t e s ,  h o w ev er, t h i s  can  o f te n  become e x p e n s iv e  an d  cum ber­
some and  re d u c e  th e  sco p e  o f  sam p lin g  p rogram .
Of th e  s e v e r a l  sa m p lin g  te c h n iq u e s  em ployed th e  u se  o f  
i n d i c a t o r  s t r a i n s  a p p e a re d  t o  be th e  m ost p ro m is in g  m ethod 
f o r  g a th e r in g  m e a n in g fu l q u a n t i t a t i v e  d a ta  (T ab le  B 3). One 
a d v a n ta g e  t o  t h i s  m ethod was t h a t  th e  phage ty p e  r e s p o n s ib le  
f o r  th e  p la q u e s  c o u ld  be d e te rm in e d . The u se  o f  th e  d o u b le  
a g a r - o v e r l a y  te c h n iq u e  a llo w e d  o n ly  th e  BN1 and  BN6 p hages 
t o  form  p la q u e s  and  each  o f  th e  p h ag es  c o u ld  th e n  be co u n te d  
s e p a r a t e l y  by em ploy ing  th e  p ro p e r  i n d io a to r  s t r a i n  o f  B. 
n a t r l e g e n s . The e x p e r im e n t in d ic a te d  t h a t  phage num bers 
In c re a s e d  a t  h ig h e r  s a l i n i t i e s  and  t h a t  th e  BN1 phage was 
p r e s e n t  in  h ig h e r  num bers th a n  th e  BN6 phage (T ab le  B 3).
T h is  was in  ag re em e n t w ith  w hat w ould be e x p e c te d  b a sed  on 
th e  l a b o r a to r y  s t u d i e s .  H ow ever, th e  p rob lem  o f  f a i l u r e  
t o  d e t e c t  p h ag es  by d i r e c t  c o u n ts  when num bers w ere low
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Table B2. R esults of sampling fo r  Beneckea phages in  surface  
waters a t G loucester Point, V irgin ia , in  summer of
1972. D irect count values are means for  5 p la te s .
Date Sal T” Enriched D irect Count
____________ to___________  pfu/m l/
24 July 72 12 25 + 0.6
30 Aug 72 15 29 + 0.2
25 Sept 72 16 23 + 0
3 Oct 72 17 19 + 0
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( e .g .  lo w e r s a l i n i t y  s t a t i o n s ,  M il le r  and  T anyard  L and ing ) 
s t i l l  re m a in ed  an d  th e  s ig n i f i c a n c e  o f  th e  d i f f e r e n c e s  In  
phage num bers a t  th e  h ig h e r  s a l i n i t i e s  (O liv e r  L and ing  and 
J e n k in s  Neok) c o u ld  n o t  be d e te rm in e d  (T ab le  B 3 ). A f u r t h e r  
d i f f i c u l t y  I s  t h a t  an  e f f i c i e n t ,  y e t  a d e q u a te  means o f  
c h a r a c t e r i z i n g  th e  s t a t i o n s  w i th  r e s p e c t  t o  n u t r i e n t  l e v e l s  
was n o t  a v a i l a b l e ,  t h e r e f o r e ,  th e  d i f f e r e n c e s  i n  phage 
l e v e l s  b e tw een  s t a t i o n s  can  o n ly  be t e n t a t i v e l y  a t t r i b u t e d  
t o  th e  e f f e c t s  o f  s a l i n i t y .
T hese p r e l im in a r y  s t u d i e s  in d ic a te d  t h a t  a  q u a n t i t a t i v e  
phage sa m p lin g  program  em ploy ing  i n d i c a t o r  s t r a i n s  and  
l a r g e  num bers o f  sam p les  may be e f f e c t i v e  I f  c o n f in e d  to  
a r e a s  w here phage num bers a r e  h ig h  enough to  be d e te c te d  by 
d i r e c t  o o u n ts .  How ever, t h e r e  may s t i l l  be p ro b lem s in  
i n t e r p r e t a t i o n  o f  th e  n u m e r ic a l  d a ta  in  a  b i o l o g i c a l l y  
m e a n in g fu l f a s h io n .
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VITA
A rth u r  Z aohary
Born in  B ro o k ly n , New Y ork, 1 S ep tem ber 1 9 ^ .
G rad u a ted  from  S tu y v e s a n t  H igh S c h o o l, New Y ork, New Y ork, 
Ju n e  1961 j B. S . B ro o k ly n  C o lle g e , J a n u a ry  1966 , w ith  a  
m a jo r  i n  B io lo g y ,
E n te re d  th e  S ch o o l o f  M arine S o ien o e  o f  th e  C o lleg e  
o f  W illiam  an d  Mary i n  V i r g in ia  in  June  1966 . Taught 
s c ie n c e  an d  b io lo g y ,  G lo u c e s te r  H igh S o h o o l, G lo u c e s te r  
C o un ty , V i r g in ia  1968-1970 , R ec e iv ed  M, A. D egree in  
M arine S c ie n c e  from  th e  S ch o o l o f  M arine S c ie n c e  o f  th e  
C o lle g e  o f  W illiam  and  M ary, Ju n e  197 Oj r e e n t e r e d  same 
s c h o o l S ep tem ber 1970 t o  p u rsu e  Ph.D . in  M arine S c ie n c e , 
G ra d u a te  a s s l s t a n t s h i p  in  M ic ro b io lo g y -P a th o lo g y  D ep artm en t, 
V i r g in ia  I n s t i t u t e  o f  M arine S c ie n c e ,  from  O c to b e r 1970 
t o  p r e s e n t .
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